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SUMMARY 

A second-generation A i r c r a f t  N o i s e  Synthesis System has been developed t o  pro- 
v ide  tes t  s t i m u l i  f o r  s t u d i e s  of community annoyance t o  a i r c r a f t  f l yove r  noise .  The 
computer-based system generates  r e a l i s t i c ,  time-varying, audio s imula t ions  of  air-  
c r a f t  f l yove r  noise  a t  a s p e c i f i e d  observer l o c a t i o n  on t h e  ground. The syn thes i s  
t akes  i n t o  account t h e  time-varying a i r c r a f t  p o s i t i o n  r e l a t i v e  t o  t h e  observer ;  
s p e c i f i e d  re ference  s p e c t r a  c o n s i s t i n g  of broadband, narrowband, and pure-tone 
components; d i r e c t i v i t y  p a t t e r n s ;  Doppler s h i f t :  atmospheric e f f e c t s ;  and ground 
e f f e c t s .  These parameters can be spec i f i ed  and c o n t r o l l e d  i n  such a way as t o  gen- 
erate s t i m u l i  i n  which c e r t a i n  no i se  c h a r a c t e r i s t i c s ,  such as dura t ion  o r  t o n a l  con- 
t e n t ,  a r e  independently va r i ed ,  while the  remaining c h a r a c t e r i s t i c s ,  such a s  broad- 
band content ,  a r e  he ld  cons tan t .  The system can a l s o  genera te  s imula t ions  of  t h e  
p red ic t ed  n o i s e  c h a r a c t e r i s t i c s  of fu tu re  a i r c r a f t ,  such as the  proposed advanced 
turboprop o r  propfan a i r c r a f t .  A desc r ip t ion  of t he  syn thes i s  system and a d iscus-  
s i o n  of t h e  algori thms and methods used to  genera te  the  s imula t ions  a r e  provided. An 
appendix desc r ib ing  t h e  inpu t  da t a  and providing use r  i n s t r u c t i o n s  is a l s o  included.  

INTRODUCTION 

Understanding and quant i fy ing  the  annoyance t o  a i r c r a f t  f lyover  noise  exper i -  
enced by an observer  on the  ground has been the  goal  of numerous l abora to ry  and f i e l d  
s t u d i e s  over  t h e  p a s t  50 years .  Achieving t h i s  goal has proven t o  be d i f f i c u l t  
because of t he  complexity of t h e  noise .  Noise l e v e l ,  broadband s p e c t r a l  conten t ,  
t ona l  conten t ,  no i se  du ra t ion ,  Doppler s h i f t ,  temporal f l u c t u a t i o n s ,  and r i s e  time 
are among t h e  i n t e r r e l a t e d  c h a r a c t e r i s t i c s  which p o t e n t i a l l y  a f f e c t  human response t o  
f lyove r  noise .  Addit ional  problems a r e  encountered when t r y i n g  t o  p r e d i c t  t he  annoy- 
ance t o  f lyove r  noise  of new a i r c r a f t  which are being designed and have not  y e t  been 
b u i l t  or flown. This  r e p o r t  desc r ibes  a research  t o o l  which w a s  developed t o  a i d  i n  
t h e  s tudy o f  t h e  annoyance e f f e c t s  of d i f f e r e n t  no ise  c h a r a c t e r i s t i c s  and t h e  annoy- 
ance response t o  f u t u r e  a i r c r a f t .  

H i s t o r i c a l l y ,  psychoacoustic s tud ie s  of a i r c r a f t  f l yove r  no i se  have employed 
t h r e e  sources  of  no ise  s t i m u l i  i n  t h e i r  experiments: a c t u a l  a i r c r a f t  f l yove r s ,  
recordings of a i r c r a f t  f l yove r s ,  and simulated a i r c r a f t  f l yove r  no i se s  ranging from 
octave bands of  broadband no i se  t o  recordings of je t -engine t e s t - s t a n d  noise .  
S tudies  intended t o  quant i fy  t h e  e f f e c t  on annoyance of an ind iv idua l  no i se  parameter 
o f t e n  y i e l d  widely varying r e s u l t s  because of  t h e  confounding of no ise  parameters ,  
which occurs  i n  a c t u a l  and recorded a i r c r a f t  f lyover  noise .  Noise du ra t ion  i s  an 
e x c e l l e n t  example of a parameter t h a t  i s  s u b j e c t  t o  t h i s  problem. To o b t a i n  a c t u a l  
o r  recorded a i r c r a f t  f l yove r  no i se s  w i t h  a wide range of du ra t ions ,  it i s  necessary 
t o  vary t h e  d i s t ance  from the  takeoff / landing threshold  a t  which t h e  observer  o r  
microphone is loca ted .  The e f f e c t s  of  t h i s  change i n  d i s t ance  on dura t ion ,  s p e c t r a l  
conten t ,  and Doppler s h i f t  a r e  i l l u s t r a t e d  i n  f i g u r e  1. For a given a i r c r a f t  no ise  
source ,  f i g u r e  1 shows +,e r e l a t i v e  values of  du ra t ion ,  s p e c t r a ,  and Doppler s h i f t  
under the  f l i g h t  path a t  t h r e e  d i s t ances  from t h e  threshold .  When using a c t u a l  o r  
recorded a i r c r a f t  i n  du ra t ion  s t u d i e s ,  long-duration s t i m u l i  have l e s s  high-frequency 
noise  and a lower r a t e  of change i n  frequency than s t i m u l i  of s h o r t e r  dura t ion .  A s  a 
consequence of  t h i s  i n a b i l i t y  t o  vary dura t ion  and o t h e r  no ise  parameters indepen- 
a-ently,  any e f f e c t s  on annoyance a t t r i b u t e d  t o  dura t ion  may, i n  f a c t ,  be caused by 



changes i n  s p e c t r a l  conten t  o r  Doppler s h i f t .  The use of s imula ted  a i r c r a f t  f lyover  
no i se s  t o  avoid t h i s  confounding of parameters or t o  r ep resen t  f u t u r e  a i r c r a f t  can 
a l s o  y i e l d  inaccura te  r e s u l t s ,  because t h e s e  s t i m u l i  o f t e n  have t i m e  h i s t o r i e s  and 
s p e c t r a  t h a t  are u n r e a l i s t i c  and no t  r ep resen ta t ive  of real  a i r c r a f t .  Also, t h e  
simulated f lyover  no i se s  o f t e n  do no t  inc lude  important  no ise  c h a r a c t e r i s t i c s  such 
as Doppler s h i f t .  

To avoid these drawbacks, an A i r c r a f t  Noise Synthesis  System (ANOSS) w a s  devel- 
oped t o  provide t e s t  s t i m u l i  f o r  s t u d i e s  of  community annoyance response t o  a i r c r a f t  
f lyover  noise .  The computer-based system generates  r ea l i s t i c ,  time-varying audio 
s imula t ions  o f  a i r c r a f t  f lyover  noise  a t  a s p e c i f i e d  observer  l o c a t i o n  on the  ground. 
The syn thes i s  takes i n t o  account t h e  time-varying a i r c r a f t  p o s i t i o n  r e l a t i v e  t o  t h e  
observer ;  spec i f ied  re ference  spectra cons i s t ing  of broadband, narrowband, and pure- 
tone components; d i r e c t i v i t y  p a t t e r n s ;  Doppler s h i f t ;  atmospheric e f f e c t s ;  and ground 
e f f e c t s .  These parameters can be s p e c i f i e d  and con t ro l l ed  i n  such a way as t o  gen- 
erate  s t i m u l i  i n  which ind iv idua l  no i se  c h a r a c t e r i s t i c s ,  such as du ra t ion  or t o n a l  
con ten t ,  are independently var ied ,  while  t h e  remaining c h a r a c t e r i s t i c s ,  such as 
broadband content ,  a r e  he ld  cons tan t .  The system can a l s o  use p red ic t ions  o f  no ise  
c h a r a c t e r i s t i c s  t o  generate  s imula t ions  of  f u t u r e  a i r c r a f t .  

The o r i g i n a l  vers ion  of t h e  A i r c r a f t  Noise Synthesis  System w a s  developed i n  
1976 by T i m e / D a t a  Corporation under c o n t r a c t  t o  NASA and w a s  implemented on a D i g i t a l  
Equipment Corporation PDP-11/15 compuker using Time S e r i e s  Language (TSL) and assem- 
b l y  language. (See appendix A. )  This  f i r s t - g e n e r a t i o n  syn thes i ze r  w a s  used t o  gen- 
erate  t e s t  s t i m u l i  f o r  t h r e e  s t u d i e s  of a i r c r a f t  f lyover  noise .  The f i r s t  s tudy  
( r e f .  1) compared t h e  annoyance response t o  a i r c r a f t  recordings with t h e  annoyance 
response t o  recordings of synthesized s imula t ions  of t h e  same a i r c r a f t .  The e f f e c t s  
of  no ise  dura t ion ,  t ona l  conten t ,  and Doppler s h i f t  w e r e  independently examined using 
synthesized recordings i n  t h e  second study. (See r e f .  2 . )  I n  a d d i t i o n  t o  aga in  
s tudying dura t ion  and t o n a l  conten t ,  t h e  t h i r d  study ( r e f .  3 )  used synthesized 
record ings  with e l e c t r o n i c a l l y  induced f l u c t u a t i o n s  t o  determine t h e  e f f e c t s  of  
v a r i a t i o n s  i n  t h e  r a t e  and magnitude of sound-level f l u c t u a t i o n s  on t h e  annoyance 
caused by a i r c r a f t  f lyover  noise .  Only synthesized s t i m u l i  w e r e  used i n  t h e  second 
and t h i r d  s t u d i e s .  

A number of  lessons  w e r e  l earned  from t h e s e  s t u d i e s  about t h e  o r i g i n a l  syn thes i s  
system. The f i r s t  s tudy l e d  t o  t h e  conclusion t h a t  t he  annoyance responses t o  t h e  
real  recordings and t h e  synthesized recordings w e r e  comparable; t h a t  i s ,  people per- 
ceived and responded t o  both i n  t h e  s a m e  manner. Informal d iscuss ions  with tes t  sub- 
jects immediately following t h e i r  p a r t i c i p a t i o n  i n  t h e  second and t h i r d  s t u d i e s  
revealed t h a t  only two o u t  of e ighty  subjects r e a l i z e d  t h a t  they w e r e  no t  l i s t e n i n g  
to  recordings of real a i r c r a f t  noise.  These s t u d i e s  confirmed t h e  usefu lness  of t h e  
syn thes i s  system. The m o s t  obvious def ic iency  i n  t h e  synthes ized  f lyovers  w a s  t h e i r  
r e l a t i v e l y  smooth t i m e  h i s t o r i e s  when compared wi th  real  a i r c r a f t  f lyover  noise .  
T ime  h i s t o r i e s  o f  real a i r c r a f t  f lyover  no i se  conta in  many sound-level f l u c t u a t i o n s  
caused by atmospheric and ground e f f e c t s .  The models o f  atmospheric and ground 
e f f e c t s  i n  t h e  o r i g i n a l  syn thes i ze r  d i d  n o t  adequately reproduce these  f luc tua t ions .  
The f i r s t  study d id  not  f i n d  t h i s  def ic iency  t o  be a s e r i o u s  shortcoming. This 
r e s u l t  from t h e  f i r s t  s tudy w a s  confirmed by t h e  t h i r d  s tudy,  which found t h a t  t h e  
ra te  and magnitude of  t h e  f l u c t u a t i o n s  d i d  no t  a f f e c t  annoyance. 

Despite t h e  successes achieved with t h e  o r i g i n a l  syn thes i s  system, a number of  
problems and l i m i t a t i o n s  were i d e n t i f i e d .  I n  a d d i t i o n  t o  t h e  f a i l u r e  of t h e  models 
of atmospheric and ground e f f e c t s  t o  produce r e a l i s t i c  sound-level f l u c t u a t i o n s ,  
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t h e r e  were some ques t ions  as t o  whether the broadband s p e c t r a  and d i r e c t i v i t y  i n p u t  
d a t a  were being accu ra t e ly  modeled and t r a n s l a t e d  i n t o  t h e  o u t p u t  s i g n a l .  Also, an 
unwanted, low-level, background, crackle sound w a s  p r e s e n t  i n  the  synthesized noise .  
The number of narrowband and pure-tone components allowed w a s  l i m i t e d ,  and t h e  f l i g h t  
p r o f i l e  w a s  r e s t r i c t e d  t o  one segment a t  constant  speed. Computer capac i ty  and speed 
d i c t a t e d  a l i m i t e d  no i se  du ra t ion  and a long no i se  generat ion t i m e  of approximately 
1 minute of computer t i m e  p e r  second of f lyover  noise .  Ind iv idua l ly ,  t h e s e  problems 
and l i m i t a t i o n s  w e r e  minor ,  b u t  c o l l e c t i v e l y  they j u s t i f i e d  r e v i s i n g  t h e  o r i g i n a l  
s y n t h e s i s  system. 

Modifying t h e  o r i g i n a l  system w a s  d i f f i c u l t  f o r  four  reasons: users  w e r e  unfa- 
m i l i a r  wi th  t h e  system s t r u c t u r e  and software; source code w a s  unavai lable  f o r  many 
r o u t i n e s ;  l i m i t e d  documentation w a s  ava i l ab le ;  and t h e  sof tware w a s  w r i t t e n  i n  
assembly language and'TSL, a language which is  n o t  commonly used. Also, t h e  computer 
system w a s  t o  be upgraded to  a D i g i t a l  Equipment Corporation PDP-11/70 computer, on 
which t h e  TSL software would n o t  run without ex tens ive  modif icat ion.  For t h e s e  
reasons it w a s  decided t o  s t a r t  from t h e  beginning and develop a second-generation 
syn thes i s  system w r i t t e n  i n  the  more common FORTRAN language and a minimum of  assem- 
b ly  language. The s t r u c t u r e  and modeling techniques of  t h e  o r i g i n a l  system w e r e  used 
as a gene ra l  guide where appropr i a t e ,  b u t  t h e  second-generation software w a s  w r i t t e n  
from s c r a t c h  with no at tempt  t o  d i r e c t l y  t r a n s l a t e  t h e  TSL coding o f  t h e  o r i g i n a l  
vers ion.  

This paper p re sen t s  a gene ra l  d e s c r i p t i o n  of t h e  second-generation A i r c r a f t  
Noise Synthesis  System as p r e s e n t l y  implemented a t  t h e  Langley A i r c r a f t  Noise Reduc- 
t i o n  Laboratory. The computer algorithms, modeling techniques,  and methodology used 
i n  t h e  system are a l s o  discussed.  Of p a r t i c u l a r  i n t e r e s t  are t h e  f a s t  Fourier  tech- 
niques r equ i r ed  t o  produce natural-sounding, l i s t e n i n g - q u a l i t y  audio s imulat ions with 
t h e  s p e c i f i e d  no i se  c h a r a c t e r i s t i c s .  Appendix B provides use r  i n s t r u c t i o n s  f o r  t h e  
s y  s t e m  . 

ANOS s 

BPI 

D/A 

DMA 

DOS 

F (  1 

F I F O  

f 

f s 

h 

SYMBOLS AND ABBREVIATIONS 

Aircraf t  Noise Synthesis  System 

b i t s  per inch 

d i g i t a l -  to-analog 

d i rec t  memory access 

d i s k  ope ra t ing  system 

func t ion  of parameters i n s i d e  parentheses 

f irst  i n / f i r s t  o u t  

frequency, H z  

source frequency , Hz 

d i s t a n c e  o f  closest approach of aircraft  t o  observer ,  m 
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I O  input/output 

i p s  inches pe r  second 

SPL sound pressure l e v e l ,  dB 

TSL T i m e  Ser ies  Language 

V a i r c r a f t  v e l o c i t y ,  m/sec 

speak peak d i r e c t i v i t y  angle ,  deg 

GENERAL DESCRIPTION 

Hardware 

The second-generation ANOSS hardware conf igura t ion  i s  i l l u s t r a t e d  i n  f i g u r e  2.  
The system processor is  a D i g i t a l  Equipment Corporation PDP-11/70 mul t iu se r ,  general-  
purpose computer with 1 . 2 8  megabytes of semiconductor memory running t h e  D i g i t a l  
R S X - 1 1 M  opera t ing  sys tem.  The system includes 176 megabytes of removable d i s c  media 
and 625 megabytes of f ixed  d i s c  media. I n t e r a c t i v e  te rmina ls  a r e  used t o  access t h e  
system. A 45-ips, 1600-BPI d i g i t a l  t ape  d r i v e  i s  used t o  s t o r e  t h e  f i n a l  d i g i t a l  
time h i s t o r i e s .  The d ig i ta l - to-ana log  (D/A) conver te r  and t h e  a t t e n u a t o r  a r e  used t o  
genera te  analog t ime-history s i g n a l s  from the  d i g i t a l  time h i s t o r i e s .  Time/Data 
designed t h i s  special-purpose D/A conver te r  as p a r t  of t h e  o r i g i n a l  syn thes i s  sys t em.  
I t  inc ludes  a 1 2 - b i t  r e so lu t ion  conver te r  (1 i n  4096 counts )  and an a t t e n u a t o r .  The 
a t t e n u a t o r  w a s  designed i n t o  t h e  system because of t h e  r e s o l u t i o n  l i m i t a t i o n  of t h e  
D/A conver te r .  With the  a t t e n u a t o r ,  t h e  range of t h e  D/A conver te r  could be expanded 
t o  cover a range of audio s i g n a l  l e v e l s  of about 90 dB without  encounter ing the  s tep-  
l i k e  output  e f f e c t s  p re sen t  i n  t h e  low end of a D/A converter .  Time/Data designed 
t h i s  device as a direct-memory-access (DMA) device f o r  t h e  U N I B U S  of t h e  PDP-11. 
This DMA i n t e r f a c e  is  capable  of  ou tpu t t ing  a block of up t o  4096 p o i n t s  a t  a maximum 
rate of 100 000 poin ts  per second. The changing of t he  a t t e n u a t o r  l e v e l s  i s  synchro- 
nized wi th  t h e  ou tpu t t ing  of t h e  d a t a  p o i n t s  and can be changed anytime dur ing  t h e  
DMA t r a n s f e r .  To a i d  i n  the  o u t p u t t i n g  of l a r g e r  d a t a  blocks,  t h e  device a l s o  con- 
t a i n s  a four-word f i r s t - i n / f i r s t - o u t  ( F I F O )  b u f f e r .  This b u f f e r  a l lows a g r e a t e r  
s e t u p  t i m e  a t  t h e  end of t h e  data-block output .  The computer-controlled Adret f r e -  
quency genera tor  is used t o  c o n t r o l  t h e  rate a t  which t h e  da t a  p o i n t s  are ou tpu t  from 
t h e  D/A conver te r .  The VOTRAX voice syn thes i ze r  w a s  added t o  t h e  system to  allow a 
voice i d e n t i f i c a t i o n  of t h e  no ise  s i g n a l  t o  be produced during t h e  D/A conversion of  
t h e  d i g i t a l  t ime h i s to ry .  Although the  analog s i g n a l  from t h e  D/A conver te r  can be 
played through a sound reproduct ion system i n  r e a l  time, t h e  s i g n a l  i s  t y p i c a l l y  
recorded on an analog t ape  recorder  f o r  l a t e r  use. 

Software 

TO make t h e  second-generation system software e a s i e r  t o  understand, use,  and 
modify, it w a s  wr i t t en  with four  programming gu ide l ines  i n  mind. F i r s t ,  t h e  code w a s  

Second, a modular approach w a s  used i n  t h e  coding of t h e  new sof tware .  Third,  t h e  
code w a s  w e l l  commented. 
l a t i o n  of hardware w a s  involved, no assembly language w a s  used. The f i n a l  sof tware 

I w r i t t e n  i n  t h e  commonly used (and then s tandard)  FORTRAN I V  programming language. 

And l a s t l y ,  except  f o r  a r eas  where speed o r  d i r e c t  manipu- 
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package has  only two modules w r i t t e n  i n  assembly language. One is  a f a s t  Fourier  
transform subrout ine and t h e  o t h e r  is  the  d r i v e r  f o r  t h e  D/A converter .  

Organization 

The s y n t h e s i s  system i s  organized i n t o  four  s ec t ions :  i npu t ,  s p e c t r a  genera- 
t i o n ,  t ime-his tory generat ion,  and digi ta l - to-analog conversion. Figure 3 i l l u s -  
t ra tes  t h i s  organizat ion and t h e  functions of  each sec t ion .  D a t a  f i l e s  are c r e a t e d  
a f t e r  each of  t h e  f i r s t  t h r e e  s e c t i o n s  fo r  use i n  t h e  next  s e c t i o n s .  The fou r th  sec- 
t i o n  provides  t h e  audio s i g n a l  output .  Although two o r  more of  t h e s e  s e c t i o n s  could 
be combined, experience i n d i c a t e s  t h a t  t h i s  arrangement i s  more convenient when pro- 
ducing l a r g e  numbers of  s t imu l i .  

The i n p u t  s e c t i o n  a l l o w s  t h e  use r  t o  e n t e r  and manipulate t h e  57 t o  338 d a t a  
values  r equ i r ed  t o  desc r ibe  t h e  d e s i r e d  a i r c r a f t  f l yove r  noise .  The d a t a  can then be 
s t o r e d  fo r  f u t u r e  use and/or immediately t r a n s f e r r e d  t o  t h e  next  ANOSS s e c t i o n .  The 
s p e c t r a  generat ion s e c t i o n  c a l c u l a t e s  and stores t h e  spectrum (maximum frequency o f  
1 2  500 Hz) a t  t h e  observer f o r  each t i m e  increment considered as t h e  program s t e p s  
through t h e  simulated f lyove r .  I n  c a l c u l a t i n g  t h e  spectra a t  t h e  observer ,  t h i s  
s e c t i o n  t akes  i n t o  account t h e  s p e c i f i e d  no i se  source c h a r a c t e r i s t i c s ,  t h e  t i m e -  
varying a i r c ra f t  p o s i t i o n ,  and t h e  noise  propagation e f f e c t s .  Next, t h e  t ime-history 
generat ion s e c t i o n  of  ANOSS performs a f a s t  Four i e r  transform on each of t h e  s p e c t r a  
t o  o b t a i n  a t ime-history segment f o r  each t i m e  increment. The end p o i n t s  of  ad jacen t  
t ime-his tory segments are then matched t o  provide a continuous t i m e  h i s t o r y  repre- 
s e n t i n g  t h e  d e s i r e d  a i r c r a f t  f l yove r  noise.  The t i m e  h i s t o r y  i s  s t o r e d  i n  d i g i t a l  
form f o r  f u r t h e r  use. 
s i g n a l  f r o m  t h e  s t o r e d  d i g i t a l  t i m e  h i s to ry ,  which can be played d i r e c t l y  t o  t e s t  
s u b j e c t s  o r ,  as is usua l ly  t h e  case, recorded on analog magnetic t ape  f o r  l a t e r  
p re sen ta t ion .  

The digi ta l - to-analog conversion s e c t i o n  generates  an analog 

C a p a b i l i t i e s  

The goa l  i n  developing t h e  syn thes i s  system w a s  t o  provide as accura t e  and 
f l e x i b l e  a s imulat ion o f  a i r c r a f t  f lyover  no i se  as p o s s i b l e  using inpu t  d a t a  t h a t  
w e r e  r e l a t i v e l y  easy to  determine. For  t h i s  reason, it w a s  decided t o  desc r ibe  t h e  
a i r c r a f t  by spec i fy ing  no i se  c h a r a c t e r i s t i c s  i n s t e a d  of  phys i ca l  c h a r a c t e r i s t i c s  of  
t h e  a i r c r a f t  and i t s  engines. The source no i se  of  t h e  a i r c r a f t  is  def ined i n  terms 
of a broadband random-noise spectrum o f  one-third-octave bands, a set  o f  narrowband 
random-noise sp ikes ,  and a s e t  of pure tones. Each of  t h e s e  i s  def ined a t  a user- 
s p e c i f i e d  r e fe rence  d i s t a n c e  from t h e  aircraft .  This allows no i se  measurements made 
a t  d i f f e r e n t  d i s t ances  t o  be used as input.  A l s o ,  t h e s e  r e fe rence  d i s t ances  allow 
t h e  no i se  spectrum a t  t h e  observer  t o  be s p e c i f i e d  by s e t t i n g  t h e  r e fe rence  d i s t a n c e s  
equal  t o  t h e  d i s t ance  of  c l o s e s t  approach of  t h e  a i r c ra f t  t o  t h e  observer.  D i r e c -  
t i v i t y  p a t t e r n s  f o r  t h e  broadband spectrum and each of  t h e  narrowband s p i k e s  and pure 
tones are a l s o  def ined i n  t h e  inpu t  data.  

The observer  can be loca ted  anywhere on t h e  ground, and h i s  he igh t  can be speci-  
f i e d  i n  t h e  input .  The f l i g h t  path can be de f ined  as one or two l i n e a r  segments, and 
t h e  a i r c r a f t  can be a c c e l e r a t e d  o r  decelerated.  Propagation o f  t h e  no i se  from t h e  
a i rcraf t  to  t h e  observer  t akes  atmospheric e f f e c t s  and ground e f f e c t s  i n t o  account.  
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ALGORITHMS, MODELS, AND METHODS 

Input  Sec t ion  

The inpu t  sec t ion  is designed t o  provide easy e n t r y  and manipulation of t h e  
inpu t  da t a  and t o  d e t e c t  e r r o r s  i n  t h e  d a t a  pr ior  t o  f u r t h e r  execut ion of t h e  pro- 
gram. This program s e c t i o n  i s  opera ted  i n t e r a c t i v e l y  by t h e  use r  from a te rmina l .  
The input  d a t a  may be en tered  from t h e  te rmina l  o r  from a mass s to rage  device o r  from 
both. E r r o r  checks are performed on t h e  da t a  t o  in su re  t h a t  t he  i n p u t  va lues  a r e  
wi th in  acceptab le  ranges and t h a t  t h e  assumptions and c o n s t r a i n t s  of t h e  s y s t e m  are 
not  v io l a t ed .  The user  may l i s t  t h e  d a t a ,  c o r r e c t  o r  modify t h e  da t a ,  and s t o r e  t h e  
da ta .  When an e r ro r - f r ee  d a t a  s e t  is ready, t he  inpu t  s e c t i o n  i n i t i a t e s  execut ion  of 
t he  s p e c t r a  generat ion sec t ion .  The models used t o  de f ine  the  f l i g h t  pa th ,  broadband 
noise ,  narrowband noise ,  pure tones ,  and d i r e c t i v i t y  are descr ibed i n  appendix B. 

Spec t ra  Generation Sec t ion  

The s p e c t r a  generat ion s e c t i o n  c a l c u l a t e s  t h e  s p e c t r a  a t  the  observer  as t h e  
a i r c r a f t  i s  flown along the  s p e c i f i e d  f l i g h t  pa th .  These s p e c t r a  a r e  then s t o r e d  
f o r  l a t e r  conversion t o  the  time domain. The system p laces  t h r e e  c o n s t r a i n t s  on 
the  a i r c r a f t .  The a i r c r a f t  is r e s t r i c t e d  t o  subsonic  f l i g h t ,  t he  a i r c r a f t  cannot 
f l y  a t  a l t i t u d e s  lower than ground l e v e l ,  and the  noise  produced by the  a i r c r a f t  i s  
r e s t r i c t e d  t o  a frequency range from 9 Hz t o  1 2  500 H z .  The t h i r d  r e s t r i c t i o n  also 
app l i e s  t o  t h e  noise a t  t he  observer .  I f  t h e  Doppler e f f e c t  s h i f t s  some of t h e  noise  
t o  f requencies  outs ide  t h i s  range, t h a t  no ise  is  not  reproduced. In te rmedia te  calcu-  
l a t i o n s  take  i n t o  account f requencies  ou t s ide  t h i s  range,  bu t  t h e  f i n a l  s t o r e d  
s p e c t r a  a r e  l imi ted  t o  t h i s  range. F o r  example, when the  1 2  500-Hz one-third-octave 
band is broken i n t o  d i s c r e t e  frequency bands, t he  energy is  d i s t r i b u t e d  across  the  
e n t i r e  band from 11 180 Hz t o  1 4  1 4 2  H z .  

A t  t h e  beginning of  t he  s p e c t r a  genera t ion  s e c t i o n ,  a number of p o s i t i o n  and 
d i s t ance  parameters and i n i t i a l  values  a r e  c a l c u l a t e d  from the  inpu t  da t a .  To s i m -  
p l i f y  l a t e r  ca l cu la t ions ,  t h e  broadband random, narrowband random, and pure-tone 
noise  l e v e l s  a r e  propagated from t h e  s p e c i f i e d  r e fe rence  d i s t ances  back t o  a d i s t a n c e  
of 1 m from t h e  a i r c r a f t  (which is  assumed t o  be a p o i n t  sou rce ) .  The s imula t ion  
s t a r t  and s t o p  ( a i r c r a f t )  t i m e s ,  which r ep resen t  a i r c r a f t  p o s i t i o n s ,  a r e  t r a n s l a t e d  
i n t o  observer  time ( i . e . ,  t h e  corresponding time a t  which t h e  no i se  reaches t h e  
obse rve r ) .  The time increment between s p e c t r a  and t h e  discrete-frequency bandwidth 
a r e  a l s o  ca l cu la t ed  (e .g . ,  0.315 s e c  and 3.05 Hz, r e spec t ive ly ,  f o r  a 26 000-Hz 
sample rate and 4096 frequency i n t e r v a l s ) .  Spec t ra  a r e  c a l c u l a t e d  a t  t h e  observer  
s t a r t  t i m e  and a t  every t i m e  increment t h e r e a f t e r  u n t i l  t h e  observer  s t o p  t ime i s  
reached. 

A t  each observer time increment,  t h e  corresponding a i r c r a f t  t i m e  is  ca l cu la t ed .  
Based on t h e  a i r c r a f t  time, t he  s l a n t  range, d i r e c t i v i t y  angle ,  and Doppler s h i f t  
f a c t o r  a r e  computed. T o  c a l c u l a t e  t h e  broadband random, narrowband random, and pure- 
tone noise  l e v e l s  a t  t h e  observer ,  co r rec t ions  f o r  d i r e c t i v i t y ,  atmospheric propaga- 
t i o n ,  and ground e f f e c t s  are appl ied  t o  t h e  noise  l e v e l s  def ined  a t  1 m from t h e  air- 
c r a f t .  The atmospheric-propagation co r rec t ions  a r e  based on re ference  4. The 
ground-effects  cor rec t ions  a r e  based on re ference  5. The broadband and narrowband 
random-noise information i s  combined a t  t h e  observer  t o  o b t a i n  a noise  spectrum 
c a l c u l a t e d  i n  terms of  t h e  d i s c r e t e  frequency bands. This  combined no i se  spectrum 
and t h e  pure-tone values  a t  the  observer  are then s to red .  This  process  i s  repea ted  
f o r  each time increment. 
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Time-History Generation Sect ion 

The t w o  preceding s e c t i o n s  desc r ibe  a method of ob ta in ing  a s e r i e s  of no ise  
s p e c t r a  and pure-tone desc r ip t ions  t o  give a pseudo time h i s t o r y  of a f lyover .  This  
s e c t i o n  and t h e  next  s e c t i o n  desc r ibe  the  methods t h a t  were used t o  convert  t h i s  
pseudo, s tepped,  frequency t i m e  h i s t o r y  i n t o  a smooth, continuous,  analog time h is -  
to ry .  The b a s i c  procedure followed i n  t h i s  conversion is t o  read  t h e  d i s c r e t e -  
frequency randomnoise l e v e l s  and t h e  pure-tone desc r ip t ions  from t h e  da t a  f i l e  on 
d i s k  and conver t  them to  a d i g i t a l  t i m e  h i s to ry  on d i g i t a l  magnetic tape .  The d i g i -  
t a l  magnetic tape  is  then processed through t h e  s p e c i a l  D/A i n t e r f a c e  on t h e  com- 
p u t e r ,  and t h e  analog output  is recorded on a s tandard  analog t ape  recorder .  This 
reproduct ion process  i s  s p l i t  i n t o  t w o  p a r t s ,  d i g i t a l  t ime-his tory genera t ion  and D/A 
conversion, because the  conversion from the frequency domain t o  t h e  time domain s t i l l  
cannot be done i n  real t i m e .  The p resen t  r a t i o  f o r  t he  t r a n s l a t i o n  i s  about 10 t o  1 
or 1 0  s e c  of  computer time f o r  each 1 sec  of analog time h i s to ry .  I t  was decided t o  
p l ace  t h e  d i g i t a l  time h i s t o r y  on d i g i t a l  t ape  in s t ead  of  t he  s to rage  d i s c s ,  SO t h a t  
l a r g e  numbers of t he  t ime-his tory d a t a  f i l e s  could be s t o r e d  f o r  long per iods  of 
time. 

Although t h e  t ime-his tory generat ion s e c t i o n  of t h e  reproduct ion process  may 
appear t o  be a simple t a s k ,  it i s  n e i t h e r  s t r a igh t fo rward  nor simple. To understand 
t h e  complexity of  t he  t a s k ,  it i s  necessary to  d i scuss  some of  t h e  problem a r e a s  
encountered i n  convert ing from t h e  frequency domain t o  t h e  time domain using t h e  
methods i n  t h i s  syn thes i s  system. 

F i r s t ,  t h e r e  is i n s u f f i c i e n t  phase information provided i n  t h e  inpu t  t o  t h i s  
s ec t ion .  The d a t a  produced by the  spec t r a  genera t ion  s e c t i o n  f o r  i n p u t  t o  t h i s  sec- 
t i o n  c o n s i s t  of random-noise s p e c t r a  and pure-tone desc r ip t ions .  The random-noise 
d a t a  are i n  t h e  form of a series of discrete-frequency-band l e v e l s  a t  f ixed  t ime 
i n t e r v a l s  of  approximately 0.3 s e c  (assuming a sampling r a t e  of 26 000 H z  and 
4096 frequency i n t e r v a l s )  and has no phase information.  This  is e s s e n t i a l l y  a s e r i e s  
of s i n a l 1  samples of t h e  t i m e  h i s t o r y  t h a t  is  t o  be generated.  This process  would 
seem t o  be acceptab le ,  because it is t h e  inverse  of t h e  process  of  g e t t i n g  s p e c t r a l  
l e v e l s  from a real time h i s t o r y .  The d i f f e rence  i s  t h a t  t h e  phase information t h a t  
is absent  from t h e  inpu t  d a t a  is necessary t o  reproduce a connected, nonperiodic ,  
t ime-his tory s i g n a l .  Therefore ,  t o  synthes ize  analog time h i s t o r i e s  from the  s p e c t r a l  
da t a ,  a procedure must be devised t o  generate  the  phase information t h a t  i s  n o t  
present .  The c o n s t r a i n t s  p laced  on t h i s  genera t ion  process  a r e  t h a t  t he  t i m e  h i s t o r y  
must no t  have any s t e p  d i s c o n t i n u i t i e s  i n  e i t h e r  phase or  amplitude a t  t h e  end p o i n t s  
of each segment, and t h a t  no new per iodic  components be added t o  t h e  f i n a l  t i m e  h i s -  
to ry .  The pure-tone d e s c r i p t i o n s ,  which a r e  s p e c i f i e d  s e p a r a t e l y ,  c o n s i s t  of both 
amplitude information and phase information. However, they a r e  only s p e c i f i e d  a t  t h e  
s t a r t  of t h e  same d i s c r e t e  time i n t e r v a l  a s  t h e  random-noise da t a .  I n  t h e  f i n a l  out-  
p u t  s i g n a l ,  t he  pure-tone components must change smoothly over  t i m e  i n  both frequency 
and amplitude.  

The second problem a r e a  is t h a t  t he  human e a r ,  though i n s e n s i t i v e  t o  v a r i a t i o n s  
i n  phase, i s  very s e n s i t i v e  t o  r e p e t i t i v e  or p e r i o d i c  sounds. This means t h a t  t h e  
synthes ized  noise  must be s u f f i c i e n t l y  random over a long time pe r iod  so t h a t  t h e  e a r  
does no t  d e t e c t  a p a t t e r n  t o  t h e  sound t h a t  might i n d i c a t e  t o  t h e  l i s t e n e r  t h a t  i t s  
source w a s  a r t i f i c i a l .  

The t h i r d  problem a r e a  i s  t h a t ,  f o r  a f lyove r  t o  sound n a t u r a l ,  t h e  l e v e l s  dur- 
i ng  t h e  beginning and end of t h e  f lyover  must not  be cons tan t .  This  i s  t h e  problem, 
mentioned i n  tine in t roduct ivr i ,  of adequatePy r;.,=dcling t h e  ur?,nredicta-hle f l i ~ t i i a t i o n s  
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i n  a c o u s t i c  l e v e l  a t  g r e a t  d i s t a n c e s  f r o m  t h e  source caused by atmospheric and ground 
e f f e c t s .  With a l l  t h e s e  problem areas i n  mind, s o m e  of t h e  approaches t h a t  w e r e  
t r i e d  and t h e i r  r e s u l t s  are d i scussed  i n  t h e  s e c t i o n s  t h a t  follow. 

Random-noise generation.-  The first par t  of t h e  d i g i t a l  t ime-his tory generat ion 
procedure is t o  generate t h e  random-noise component of t h e  a c o u s t i c  waveform. This 
proved t o  be t h e  most d i f f i c u l t  problem t o  so lve  i n  t h e  s y n t h e s i s  o f  an a i r c r a f t  f l y -  
over  from ind iv idua l  s p e c t r a l  t i m e  h i s t o r i e s .  A s  i n d i c a t e d  p rev ious ly ,  t h e  l e v e l s  
l ack  t h e  necessary phasing information t o  produce a continuous analog t i m e  h i s t o r y .  
Several  methods were suggested t o  achieve t h i s  t ransformation,  a l l  of  which used a 
f a s t  Fourier  transform as t h e i r  basis wi th  a random-number gene ra to r  t o  supply t h e  
necessary phase information. 

The method used i n  t h e  o r i g i n a l  system software w a s  t o  gene ra t e  random phase 
angles  f o r  t h e  discrete-frequency-band l e v e l s  and then  perform an i n v e r s e  Four i e r  
transform t o  change t h e  r e s u l t i n g  d a t a  i n t o  a t i m e  h i s t o r y .  The r e s u l t i n g  t i m e -  
h i s t o r y  segment general ly  does no t  match t h e  preceding t ime-his tory segment i n  e i t h e r  
value o r  s lope  a t  t h e  end po in t s .  This d i f f e r e n c e  i s  due t o  t h e  f a c t  t h a t  t h e  phase 
information w a s  generated i n  a random manner. Therefore,  a procedure must be devel- 
oped t o  match o r  mask these  d i s c o n t i n u i t i e s .  The o r i g i n a l  system software masked t h e  
end-point d i s c o n t i n u i t i e s  by using t h e  following procedure. Firs t ,  during t h e  t r ans -  
formation process ,  a cosine window would be app l i ed  t o  t h e  da t a .  This  would allow a 
gradual  change from t h e  o l d  s i g n a l  t o  t h e  new one. The transformed s i g n a l  would then  
be summed i n t o  t h e  ou tpu t  s i g n a l  a t  approximately one-third o f  t h e  t ransform length.  
To preserve t h e  length of  t h e  t i m e  h i s t o r y ,  each transform would be summed i n t o  t h e  
t i m e  h i s t o r y  t h r e e  t i m e s .  This method a l s o  had an added advantage i n  t h a t  t h e  t o t a l  
l e v e l  of t he  s igna l  could be increased a t  a ra te  equal  t o  one-third of  t h e  l eng th  of  
each o f  t h e  segments .  H o w e v e r ,  t h i s  method, though f a s t ,  has s e v e r a l  disadvantages.  
F i r s t ,  and m o s t  important, t h e  summing of  t i m e  h i s t o r i e s  has a major problem i n  t h a t  
what one is e s s e n t i a l l y  doing is  summing a series of s i n e  and cos ine  waves. This has  
t h e  e f f e c t  of  n o t  only producing t h e  sums of  t h e  two waveforms, b u t  t h e i r  d i f f e r -  
ences and the  o r i g i n a l  waves as w e l l .  Since a l l  t h e  s i n e  waves are harmonics o f  each 
o t h e r ,  t h e  e f f e c t  of t h i s  summation i s  t o  produce unwanted l e v e l s  a t  o t h e r  l i n e s  i n  
t h e  s p e c t r a .  Therefore, t h e  procedure can and does occas iona l ly  produce s p e c t r a  t h a t  
are  markedly d i f f e r e n t  f r o m  those requested by t h e  i n p u t  da t a .  Second, un le s s  t h e  
phasing of t h e  components of  t h e  inve r se  t ransform i s  chosen c o r r e c t l y ,  t h e  change of 
t h e  l e v e l  of t h e  time-history segment is  unpredictable .  Therefore,  t h e  only way t o  
generate  t h e  necessary l e v e l  change i n  t h e  f lyove r  using t h i s  method i s  t o  mult iply 
each of t h e  p o i n t s  i n  a segment by a cons t an t  f a c t o r ,  which is  d i f f e r e n t  f o r  each 
segment. This general ly  produces a good approximation t o  t h e  changing l e v e l  of a 
f lyove r .  However, i f  t h e  rate of change of t h e  l e v e l  i s  g r e a t  enough, t h e  f lyove r  
root-mean-square l e v e l  appears t o  have an almost s t a i r s t e p  q u a l i t y .  Fbr t h e s e  and 
s e v e r a l  o t h e r  minor reasons,  it w a s  decided t h a t  another  method must be  developed 
t o  s imulate  t h e  random-noise t i m e  h i s t o r y .  

The approach t h a t  w a s  developed is  o u t l i n e d  i n  t h e  following paragraphs and i s  
presented graphical ly  i n  f i g u r e  4. Where p o s s i b l e ,  an explanat ion i s  given as t o  why 
c e r t a i n  choices were made from s e v e r a l  a l t e r n a t i v e s .  The s t a r t i n g  p o i n t  of t h e  new 
method w a s  t h e  same as t h e  o r i g i n a l ,  except t h a t  no window w a s  p laced on t h e  inve r se  
transformed da ta .  The o r i g i n a l  procedure showed t h a t  no method using any summation 
of t h e  va r ious  time h i s t o r i e s  to  mask t h e  end-point d i s c o n t i n u i t y  problem would pro- 
duce a f i n a l  output  t i m e  h i s t o r y  whose shape could be c l o s e l y  con t ro l l ed .  I n  addi- 
t i o n ,  t h e  Four i e r  transform, even with a l l  of  i t s  problems of  end-point matching, 
o f f e r e d  a s o l u t i o n  f o r  m a s s  product ion of  t i m e  h i s t o r i e s  from s p e c t r a l  d a t a  i n  a 
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reasonable amount of computer time. A s  i n  t h e  o r i g i n a l  procedure, t o  be able t o  
t ransform t h e  s p e c t r a l  d a t a  i n t o  a t i m e  h i s t o r y ,  some form of phase information must 
be generated f o r  t h e  i n p u t  da t a .  The method f o r  generat ing t h i s  phase information is 
t o  f i r s t  gene ra t e  a series of uniformly d i s t r i b u t e d  random numbers between -0.5 and 
+0.5. There is no real  s i g n i f i c a n c e  to the range of  t h e  numbers except t h a t  they 
must be uniformly d i s t r i b u t e d  about zero.  This random series o f  numbers i s  then 
transformed i n t o  t h e  frequency domain and t h e  d e s i r e d  spectrum is  used as a weighting 
f a c t o r  t o  shape t h e  spectrum of t h e  uniformly d i s t r i b u t e d  random numbers. This i s  
e s s e n t i a l l y  a convolution of  t h e  d e s i r e d  s p e c t r a l  shape with a uniformly d i s t r i b u t e d  
random s i g n a l .  This weighted spectrum i s  then transformed back i n t o  a t i m e  h i s t o r y .  
Despite t h e  f a c t  t h a t  it is  important t o  minimize the  t i m e  required t o  generate  a 
t i m e  h i s t o r y ,  it is necessary t o  transform t h e  s i g n a l  t w i c e  f o r  t w o  reasons. The 
first reason is  t o  g e t  t h e  phase information t h a t  is necessary t o  produce a t i m e  h i s -  
tory.  The second is  t h a t  it so lves  most of t h e  end-point matching problem, because 
t h e  random-number gene ra to r s  on most machines tend t o  have a short-term c o r r e l a t i o n ,  
which produces end p o i n t s  t h a t  are c l o s e  i n  both magnitude and s lope.  This process 
can be compared with t ak ing  a white noise s i g n a l  and passing it through a s e t  o f  con- 
t inuously varying narrowband f i l t e r s .  

This approach o f  gene ra t ing  a random t i m e  h i s t o r y  and transforming it t w i c e  w a s  
chosen over performing a s i n g l e  transform with random phase information because t h e  
s i n g l e  transform method produces, a f t e r  the digi ta l - to-analog conversion, a t i m e  
h i s t o r y  containing a low-frequency, beating tone.  The two-transform method does n o t  
produce t h i s  beating-tone phenomenon. The b e a t i n g  tone produced by t h e  s i n g l e  t r ans -  
form is  mainly a r e s u l t  of t h e  short-term c o r r e l a t i o n  t h a t  d i g i t a l  random-number 
generators  tend t o  produce and is a r e s u l t  of  t h e  na tu re  of  a Fourier  transform. A 
Fourier  transform is  an at tempt  t o  decompose an i n f i n i t e  time h i s t o r y  i n t o  a ser ies  
of  pure s i n e  waves. The fas t  Four i e r  transform can exac t ly  r e p r e s e n t  a t i m e  h i s t o r y  
only i f  t h a t  t i m e  h i s t o r y  i s  exac t ly  pe r iod ic  w i t h i n  t h e  length of t h e  d a t a  taken f o r  
t h e  transform and i f  t h e  waveform repea t s  i t s e l f  with t h a t  pe r iod  fo reve r .  The 
important p o i n t  i s  t h a t  t h e  inve r se  of any l i m i t e d  Four i e r  series i s  a pe r iod ic  
func t ion  and con ta ins  only t h e  frequencies of t h e  o r i g i n a l  series.  Frequencies t h a t  
are n o t  p e r i o d i c  w i t h i n  t h e  t i m e  frame of t h e  transform have t h e i r  energy spread o u t  
among a l l  t h e  l i n e s  of t h e  transform, with t h e  g r e a t e s t  magnitude of  energy a t  t h e  
Fourier  f requencies  j u s t  less than and g r e a t e r  than the  non-Fourier frequency. This 
is important i n  t h e  s y n t h e s i s  o f  no i se ,  because t h e  sum and d i f f e r e n c e s  are produced 
when a summed p a i r  of s i n e  waves o f  d i f f e r e n t  f requencies  are generated.  When a 
t ime-history waveform produced by t ak ing  a shaped amplitude spectrum with random 
phase is generated,  enough of t h e  l i n e s  have t h e  same phase r e l a t i o n s h i p  t o  produce 
a pseudo tone a t  t h e  d i f f e r e n c e  i n  frequency between a p a i r  of  l i n e s .  These pseudo 
tones are produced a t  each of  t h e  mult iples  of  t h e  frequency d i f f e r e n c e s  between t h e  
l i n e s .  The most no t i ceab le  pseudo tone is a t  t h e  minimum frequency d i f f e r e n c e ,  and 
t h i s  s i g n a l  cannot be f i l t e r e d  o u t  because it is  t h e  r e s u l t  o f  t h e  summation process.  
By using t h e  process  of transforming a random t i m e  h i s t o r y ,  weighting it, and t r ans -  
forming again,  t h e  c o r r e l a t i o n  i n  the  phase information is  avoided and t h e  pseudo 
tones do n o t  occur. 

The method of transforming a random t i m e  h i s t o r y  t w i c e  produces a reasonable 
end-point matching, b u t  n o t  an exact  one. The program uses  t h e  following method t o  
produce e x a c t  end-point matches. 
segment and then modifies t h e  next  spectrum so t h a t  t h e  f i r s t  l i n e  of t h e  next  seg- 
ment has t h e  s a m e  value.  This procedure produces a s m a l l  f l a t  s p o t  i n  the  random 
noise ,  b u t  it is n o t  no t i ceab le  i n  the  f i n a l  t i m e  h i s t o r y .  The program c a l c u l a t e s  
t h e  value of  t h e  f i r s t  p o i n t  o f  t h e  next segment by summing a l l  t h e  real  components 

The program s t o r e s  t h e  l a s t  p o i n t  of each ou tpu t  
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of t h e  weighted spectrum. I t  then randomly chooses l i n e s  f r o m  t h e  spectrum t o  be  
used t o  correct the value of t h a t  f i rs t  po in t .  These chosen l i n e s  have a l l  t h e i r  
energy s h i f t e d  t o  t h e i r  r e a l  component t o  a d j u s t  t h e  value of  t h e  f i r s t  p o i n t .  I n  
gene ra l ,  s e v e r a l  l i n e s  must be used t o  perform t h i s  c o r r e c t i o n ,  because t h e  magni- 
tudes of  t h e s e  l i n e s  must no t  vary from t h e i r  o r i g i n a l  weighted values .  Changes i n  
t h e s e  magnitudes would cause a v a r i a t i o n  from t h e  d e s i r e d  o u t p u t  spectrum. Also, 
during t h e  weighting process t o  shape t h e  spectrum, the f irst  t h r e e  l i n e s  of t h e  r a w  
random-noise spectrum are n o t  weighted, because t h e s e  l i n e s  have t h e  g r e a t e s t  e f f e c t  
on t h e  value o f  t h e  end po in t .  This method of  s h i f t i n g  energy i n  t h e  weighted 
s p e c t r a  produces good end-point matching with none of t h e  n o t i c e a b l e  p e r i o d i c  no i se  
which had been caused by o t h e r  methods, such as t h e  windows and i n t e r p o l a t i o n  
schemes. 

Up t o  t h i s  po in t  i n  t h e  t ime-his tory generat ion,  only t h e  d e s i r e d  shape of  t h e  
random-noise spectrum has been a t t a i n e d .  NOW t h e  amplitude of  t h e  s i g n a l  must be 
modified t o  produce the  p red ic t ed  change i n  t h e  o v e r a l l  noise  l e v e l  with t i m e .  The 
algori thm used t o  c o n t r o l  t h e  p a t t e r n  of  t h e  o v e r a l l  l e v e l  of t h e  random no i se  is  
b a s i c a l l y  a l i n e a r  i n t e r p o l a t i o n  of t h e  o v e r a l l  l e v e l s  from the  beginning t o  t h e  end 
of  t h e  segment. Each p o i n t  i n  t h e  t ime-history segment i s  m u l t i p l i e d  by a value 
s l i g h t l y  l a r g e r  o r  s l i g h t l y  smaller than t h e  preceding value t o  achieve a smooth 
inc rease  o r  decrease i n  t h e  o v e r a l l  l e v e l  of t h e  t i m e  h i s t o r y .  This method e l i m i -  
na t e s  t h e  s t ep - l ike  inc reases  t h a t  occurred using t h e  o r i g i n a l  approach of  changing 
t h e  amplitude with each of  t h e  t ime-history segments. This s t epp ing  phenomenon w a s  
no t i ceab le  i n  f lyovers  with very s h o r t  du ra t ions  and r ap id  l e v e l  changes. 

Pure-tone generation.- The second part of t h e  d i g i t a l  t ime-history-generation 
procedure i s  t o  generate t h e  pure-tone components of  t h e  a c o u s t i c  waveform. The 
method chosen t o  generate t h e s e  series of  waveforms w a s  a s i n e  c a l c u l a t i o n  method. 
The phase angle  fo r  each d a t a  p o i n t  i s  c a l c u l a t e d  and t h e  s i n e  o f  t h e  phase ang le  is  
taken and mul t ip l i ed  by t h e  amplitude of t h e  tone a t  t h a t  time. Several  o t h e r  
methods of generating t h e  pure-tone values  were t r i e d ,  b u t  a l l  w e r e  e l iminated 
because of l i m i t a t i o n s  on machine address space o r  because of  t h e  q u a l i t y  of  t h e  
tones generated.  Of t h e  r e j e c t e d  methods, s i n e  lookup tables showed t h e  m o s t  promise 
of  i nc reas ing  t h e  speed of  tone generat ion,  b u t  t h i s  r equ i r ed  too  much address  space 
i n  t h e  machine. One of t h e  most d i f f i c u l t  problems with t h e  pure tones is  t h a t  t h e i r  
frequency must v a r y  continuously during t h e  f lyove r  t o  s imulate  t h e  Doppler s h i f t  
experienced with a moving sound source. This continuously s h i f t i n g  frequency is  a l s o  
gene ra l ly  accompanied by a continuously changing amplitude. Both of  t h e s e  require-  
ments were m e t  by using a l i n e a r  i n t e r p o l a t i o n  scheme f o r  t h e  amplitude and t h e  f r e -  
quency. This method n e c e s s i t a t e s  c a l c u l a t i n g  t h e  value of  t h e  s i n e  a t  each t i m e  
p o i n t  for  each tone. The output  of t h i s  c a l c u l a t i o n  i s  then added t o  t h e  ou tpu t  of  
t h e  random-noise data. The r e s u l t i n g  d i g i t a l  t i m e  h i s t o r y  is  then  recorded on 
d i g i t a l  magnetic tape f o r  u s e  i n  t h e  digi ta l - to-analog conversion s e c t i o n  o f  t h e  
s y s t e m  . 

Level-fluctuation generation.-  The f i n a l  p a r t  of  t h e  d i g i t a l  t ime-history 
generat ion procedure i s  t o  modulate t h e  time h i s t o r y  t o  s imula t e  t h e  l e v e l  f l uc tua -  
t i o n s  t h a t  occur a t  t h e  beginning and end of a i r c r a f t  f l yove r  noise .  To produce 
these  f l u c t u a t i o n s ,  which a r e  caused by atmospheric and ground e f f e c t s ,  t h e  t i m e  
h i s t o r y  i s  modulated by  a slowly varying funct ion.  (See f i g .  5 . )  The amplitude of 
t h e  modulation i s  inversely p ropor t iona l  t o  t h e  r a t i o  of t h e  p r e s e n t  root-mean-square 
value of t h e  t i m e  h i s to ry  t o  t h e  peak root-mean-square value of  t h e  t i m e  h i s t o r y .  
The modulation function i s  c r e a t e d  by mult iplying t h i s  amplitude func t ion  t i m e s  a 
func t ion  de r ived  from t w o  s e t s  of random numbers. The f i r s t  s e t  o f  random numbers 



i s  used t o  determine the  lengths  of a s e r i e s  of ramps of l i n e a r l y  varying amplitude. 
The maximum amplitude of each ramp i s  determined by a second s e r i e s  of random numbers 
between zero  and one. The mean length for t h e  ramps w a s  chosen t o  be 0.3 sec .  The 
t ime-his tory modulation is  achieved by mult iplying the  time h i s t o r y  by t h e  modulation 
func t ion .  This  form of  amplitude modulation produced t h e  des i r ed  random l e v e l  f luc-  
t u a t i o n s  a t  the  beginning and end of t h e  f lyover  noise .  

Digital-to-Analog Conversion Sec t ion  

The d ig i ta l - to-ana log  conversion process involves  sending the  d i g i t a l  time h i s -  
t o r y  to  t h e  s p e c i a l l y  designed d ig i ta l - to-ana log  conver te r .  Since t h e  d a t a  po in t s  on 
tape  r ep resen t  evenly spaced samples of a pseudo analog time h i s t o r y ,  they must be 
reproduced a t  a cons tan t  r a t e  with no breaks o r  gaps. The rate of reproduct ion i s  
governed by t h e  maximum frequency of i n t e r e s t  i n  t h e  spectrum and must be a t  l e a s t  
twice t h a t  frequency. The method used i n  t h i s  conversion was a double bu f fe r ing  
scheme, where two b u f f e r s  a r e  a l l o c a t e d  i n  t he  computer memory. Data a r e  read i n t o  
one of t he  b u f f e r s  from the  d i g i t a l  magnetic t ape  u n i t  while  t he  d a t a  from t h e  o t h e r  
b u f f e r  are output  t o  the  D/A converter .  When t h e  d a t a  from t h e  output  b u f f e r  a r e  
exhausted,  t he  f i l l e d  inpu t  b u f f e r  i s  swapped with the  ou tpu t  b u f f e r  and the  process  
is  repeated u n t i l  t h e  d a t a  on t ape  are exhausted. There a r e  two l i m i t i n g  f a c t o r s  on 
t h i s  method of reproduct ion.  

F i r s t ,  a l l  t he  program s t e p s  necessary t o  swap t h e  b u f f e r s  must be completed 
between the  t i m e  t h e  D/A conver te r  s i g n a l s  t h e  completion of t h e  emptying of t h e  out- 
p u t  b u f f e r  i n  memory and the  time t h a t  the  FIFO b u f f e r  i n  the  D/A conver te r  becomes 
empty. The FIFO b u f f e r  is  a f i r s t - i n / f i r s t - o u t  b u f f e r  t h a t  can be loaded by t h e  com- 
pu te r  a t  a very high,  b u t  va r i ab le ,  r a t e  on t h e  inpu t  end, while  d e l i v e r i n g  d a t a  t o  
t h e  d ig i t a l - to -ana log  end a t  a cons t an t  r a t e .  Also, t he  depth of t he  FIFO b u f f e r  
( i . e . ,  t h e  number of d a t a  va lues  t h a t  it w i l l  s t o r e )  i nc reases  t h e  amount of time 
a v a i l a b l e  f o r  s e t t i n g  up the  next  b u f f e r  f o r  t r a n s f e r  t o  t h e  D/A conver te r .  Without 
t he  FIFO b u f f e r  i n  t h e  system, t h e  swapping of t h e  b u f f e r s  i n  memory would have t o  be 
done wi th in  the  t i m e  per iod  between the  output  of two d a t a  po in t s .  

The second l i m i t i n g  f a c t o r  i s  t h a t  the s e t u p  t i m e  and f i l l  time f o r  t h e  i n p u t  
b u f f e r  must be l e s s  than t h e  s e t u p  and empty time f o r  t h e  output  bu f fe r .  A t  p r e s e n t ,  
t h e  second f a c t o r  is  t h e  l i m i t i n g  f a c t o r .  The inpu t  f i l l  time from the  45-ips, 
1600-BPI tape  d r i v e  r e s t r i c t s  t h e  reproduction r a t e  t o  26 000 Hz. The l i m i t i n g  r a t e  
caused by t h e  ou tpu t  b u f f e r  swap time i s  about 80 000 Hz. A s  mentioned previous ly ,  
t h i s  s e c t i o n  of sof tware is one of t w o  pieces  of sof tware  w r i t t e n  predominantly i n  
machine language. This w a s  necessary because t h i s  was t h e  only p o i n t  i n  which hard- 
ware t h a t  w a s  no t  supported by the  operat ing system w a s  used. A l s o ,  t h e  ope ra t ing  
system is a multiprogram system, and i t s  overhead f o r  s t a r t i n g  an input /output  ( I O )  
opera t ion  can vary from 1 mil l i second t o  as  high as 20 mi l l i seconds  on a very busy 
system. 
b u f f e r s  or to  s t a r t  the  ind iv idua l  block I O ,  t he  r a t e  of analog ou tpu t  would be 
seve re ly  r e s t r i c t e d .  Therefore ,  a l l  t h e  code necessary t o  perform t h e  I O  ope ra t ions  
and b u f f e r  swaps is included a s  p a r t  of the  code f o r  t h e  device d r i v e r  t h a t  c o n t r o l s  
t he  D/A cGnverter.  This  dec i s ion  t o  include the  code i n  the  device d r i v e r  allows a 
much h igher  r a t e  of p o i n t  product ion,  but s eve re ly  l i m i t s  t h e  t r a n s p o r t a b i l i t y  of t h e  
sof tware t o  o t h e r  machines. Since both the  t ape  d r i v e  and t h e  D/A conver te r  a r e  DMA 
devices ,  t h e  impact on o t h e r  computer users of p l ac ing  t h e  double b u f f e r i n g  code i n  
t h e  device d r i v e r  is  very small, 

I f  a h igher  l e v e l  language a t  the program l e v e l  were used t o  swap t h e  
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DISCUSSION 

The second-generation syn thes i s  system is o p e r a t i o n a l ,  and numerous s imula t ions  
have been produced. Two laboratory s t u d i e s  have been conducted using t h i s  improved 
system. (See refs. 6 and 7 . )  I n  both s t u d i e s ,  t h e  system w a s  used t o  produce simu- 
l a t i o n s  of advanced turboprop a i r c r a f t .  The advanced turboprop o r  "propfan" a i r -  
c r a f t ,  which is  expected t o  e n t e r  commercial service i n  the 199O's, has a p r o p e l l e r  
t h a t  i s  v a s t l y  d i f f e r e n t  from conventional p r o p e l l e r s  i n  shape and number of  b l ades .  
I n  t h e  f i r s t  study, t h e  syn thes i s  system produced 45 s imula t ions  i n  which t h r e e  no i se  
c h a r a c t e r i s t i c s  were sys t ema t i ca l ly  and independently va r i ed .  This allowed t h e  
e f f e c t s  on annoyance of blade-passage frequency, b l a d e - t i p  Mach number, and tone-to- 
broadband no i se  r a t i o  t o  be assessed.  I n  t h e  second s tudy,  annoyance responses t o  
18 advanced turboprop s imulat ions and 10 recordings of  conventional jets and turbo- 
props w e r e  compared. Informal d i scuss ions  with t h e  subjects i n  t h e  second s tudy 
i n d i c a t e d  t h a t  none of  t h e  s u b j e c t s  r e a l i z e d  t h a t  s o m e  of  t h e  no i ses  w e r e  a r t i f i c i a l .  

The second-generation s y n t h e s i s  system has a l s o  been used t o  gene ra t e  s t i m u l i  
f o r  an a i r c r a f t  i n t e r i o r  noise  study. By making minor modif icat ions t o  t h e  sof tware 
t o  d e l e t e  t h e  Doppler s h i f t  and ground-effects c o r r e c t i o n ,  it w a s  poss ib l e  t o  produce 
i n t e r i o r  no i se  s t i m u l i  f o r  u se  i n  a study of t h e  e f f e c t s  on annoyance of  mult iengine 
p r o p e l l e r  bea t ing  phenomena. 

CONCLUDING REMARKS 

A second-generation A i r c r a f t  Noise Synthesis  System has been developed t o  pro- 
vide t e s t  s t i m u l i  for s t u d i e s  of community annoyance t o  a i r c r a f t  f l yove r  no i se .  The 
computer-based system generates  real is t ic ,  time-varying, audio s imulat ions of a i r -  
c r a f t  f l yove r  noise a t  a s p e c i f i e d  observer  l o c a t i o n  on the  ground. The s y n t h e s i s  
t akes  i n t o  account t h e  time-varying a i r c r a f t  p o s i t i o n  r e l a t i v e  t o  t h e  observer ;  
s p e c i f i e d  reference s p e c t r a  c o n s i s t i n g  of  broadband, narrowband, and pure-tone com- 
ponents; d i r e c t i v i t y  p a t t e r n s ;  Doppler s h i f t ;  atmospheric e f f e c t s ;  and ground 
e f f e c t s  . 

Based on t h e  experience gained from experimental  s t u d i e s ,  t h e  second-generation 
syn thes i s  system has proven to  be very success fu l .  The system i s  easier t o  use,  
easier t o  modify, and produces a h ighe r  q u a l i t y  r e p r e s e n t a t i o n  of t h e  a i r c r a f t  f l y -  
over  no i se  than the f i r s t - g e n e r a t i o n  system. It has been p a r t i c u l a r l y  u s e f u l  i n  
s imula t ing  t h e  noise of f u t u r e  a i rcraf t  and i n  i s o l a t i n g  t h e  annoyance e f f e c t s  of  
i n d i v i d u a l  n o i s e  c h a r a c t e r i s t i c s .  

NASA Langley Research Center 
Hampton, VA 23665-5225 
December 22,  1986 
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APPENDIX A 

DESCRIPTION OF ORIGINAL AIRCiiAFT NOISE SYNTEIESIS SYSTEM 

The o r i g i n a l  ve r s ion  of t h e  A i r c r a f t  Noise Synthes is  System program became 
o p e r a t i o n a l  i n  1976. 
computer system under a c o n t r a c t  t o  the  NASA Langley Research Center. This t i m e -  
s e r i e s - a n a l y s i s  machine w a s  based on a D i g i t a l  Equipment Corporation PDP-11/15 mini- 
computer ( t h e  11/15 w a s  an o r i g i n a l  equipment manufacturer vers ion  of t h e  PDP-11/20) 
i n  conjunct ion with a p r o p r i e t a r y  opera t ing  s y s t e m  suppl ied  by Time/Data known as 
t h e  Time S e r i e s  Language (TSL). 

I t  was w r i t t e n  f o r  a T i m e / D a t a  Corporation t ime-ser ies -ana lys i s  

The PDP-11/15 system cons i s t ed  of the fol lowing pe r iphe ra l s :  t w o  2.5-megabyte 
removable d i s c  d r i v e s ,  a l i n e  p r i n t e r ,  a high-speed paper t ape  punch and r eade r ,  and 
a Tektronix 4010 Graphics terminal .  A s  p a r t  of t he  c o n t r a c t  f o r  t h e  noise  s y n t h e s i s  
work, Time/Data designed a special-purpose d ig i t a l - to -ana log  (D/A) conver te r  t o  out- 
p u t  t he  analog t ime-his tory s i g n a l s .  This D/A conver te r  cons i s t ed  of one 12-bit-  
r e s o l u t i o n  conver te r  (1 i n  4096 counts )  with 1 master a t t e n u a t o r  and 10 s e p a r a t e  
output  a t t e n u a t o r s .  The master a t t enua to r  w a s  designed i n t o  the  system because of 
t h e  r e s o l u t i o n  l i m i t a t i o n  of t h e  D/A converter .  With t h e  master a t t e n u a t o r ,  t h e  
range of t h e  D/A conver te r  could be expanded t o  cover an audio-s igna l - leve l  range of 
about  90 dB without encounter ing t h e  s t e p - l i k e  output  e f f e c t s  p r e s e n t  i n  t h e  l o w  end 
of a D/A conver te r .  The 10 sepa ra t e ly  con t ro l l ed  ou tpu t  a t t e n u a t o r s  were t o  be used 
t o  provide sepa ra t e  outputs  i n  a l i s t e n i n g  f a c i l i t y  t o  produce the  appearance of 
motion through c o n t r o l  of t h e  d i r e c t i v i t y  of  t he  sound. Time/Data designed t h i s  
device as a direct-memory-access (DMA) device f o r  t h e  UNIBUS of the  PDP-11. This  
DMA i n t e r f a c e  was capable  of o u t p u t t i n g  a block of up t o  4096 p o i n t s  a t  a maximum 
r a t e  of 100 000 H z .  The changing of t he  a t t e n u a t o r  l e v e l s  was synchronized with t h e  
o u t p u t t i n g  of t h e  d a t a  p o i n t s  and could be changed anytime during t h e  DMA t r a n s f e r .  
To a i d  i n  t h e  o u t p u t t i n g  of l a r g e r  d a t a  blocks, t h e  device a l s o  contained a four- 
word f i r s t - i n / f i r s t - o u t  (FIFO) bu f fe r .  This b u f f e r  allowed a g r e a t e r  s e t u p  time 
a t  the  end of t he  data-block output .  

The operating-system sof tware ,  TSL, w a s  a modified form of the  s t anda rd  
Dartmouth Basic o f f e r e d  by D i g i t a l  Equipment Corporat ion i n  1976 with most of  t h e  
l i n e a r  a l g e b r a i c  opera t ions  removed and replaced by a r r ay  func t ions .  Also, t he  
func t ions  necessary t o  perform t ime-ser ies  a n a l y s i s ,  such as f a s t  Four i e r  t ransforms 
and au tocor re l a t ions  and cross c o r r e l a t i o n s ,  had been added t o  t h e  Basic. Most of 
t h e  r o u t i n e s  f o r  t h e  noise  s y n t h e s i s  program were w r i t t e n  i n  t h e  TSL language, b u t  
some of  t h e  p r o p r i e t a r y  subrout ines  were w r i t t e n  i n  assembly language. 
ope ra t ions  on s c a l a r  v a r i a b l e s  were done through t h e  use of a s t a c k  ope ra t ion  i n  
r eve r se  Pol i sh  nota t ion .  

Algebraic  

1 3  



APPENDIX B 

USER INSTRUCTIONS FOR AIRCRAFT NOISE SYNTHESIS SYSTEM 

The synthesis  system c o n s i s t s  of fou r  s e c t i o n s  divided among three programs: 
M O S S ,  MAKES, and MUSIC. A s  i l l u s t r a t e d  i n  f i g u r e  6 ,  t h e  i n p u t  and s p e c t r a  genera- 
t i o n  s e c t i o n s  a r e  i n  t h e  ANOSS program. The MAKES program is t h e  t ime-history 
generat ion sec t ion  and MUSIC is  t h e  d ig i t a l - to -ana log  conversion s e c t i o n .  

Input  F i l e  Generation 

The i n p u t  s ec t ion  allows t h e  use r  t o  en te r ,  manipulate,  and s t o r e  t h e  d a t a  
required t o  descr ibe the  d e s i r e d  a i r c r a f t  f l yove r  noise.  Figure 7 is  a flow c h a r t  o f  
t h e  inpu t  s e c t i o n .  Af t e r  logging on t o  t h e  appropr i a t e  computer account,  t h e  program 
i s  i n i t i a t e d  with t h e  command: 

RUN ANOSS 

The program responds with a ser ies  of quest ions which d i r e c t  t he  program t o  t h e  
appropriate  subroutines.  The f i r s t  ques t ion  is:  

ENTER PARAMETERS ( Y / N )  ? 

A p o s i t i v e  (Y) response calls  t h e  ENTER subrout ine,  which allows t h e  i n p u t  d a t a  
t o  be en te red  from a s t o r a g e  device o r  from t h e  keyboard. Af t e r  t h e  data are  
entered,  t h e  CHECK sub rou t ine  is c a l l e d  t o  perform a number of  checks on t h e  data t o  
i n s u r e  t h a t  t h e  s p e c i f i e d  s imula t ion  r ep resen t s  a r e a l i s t i c  s i t u a t i o n  ( e .g . ,  t h e  
a i r c r a f t  does n o t  fly i n t o  t h e  ground). A negat ive ( N )  response sends t h e  program 
d i r e c t l y  t o  t h e  CHECK subrout ine.  Af t e r  t h e  CHECK subrout ine,  t h e  program asks:  

LIST INPUT (Y/N)? 

I f  answered with a p o s i t i v e  ( Y )  response,  sub rou t ine  LIST d i sp lays  t h e  inpu t  
d a t a  on the  terminal so t h a t  a hard copy may be obtained. The program then asks:  

CORRECTIONS (Y/N)  ? 

I f  answered with a p o s i t i v e  ( Y )  response o r  i f  sub rou t ine  CHECK de tec t ed  e r r o r s  
i n  t h e  i n p u t  d a t a ,  subrout ine CORRECT i s  ca l l ed .  This subrout ine allows t h e  use r  t o  
change i n d i v i d u a l  values i n  t h e  d a t a  se t .  When t h e  c o r r e c t i o n s  are completed, t h e  
CHECK subrout ine i s  called aga in  and t h e  "list" and n c o r r e c t i o n s n  ques t ions  are 
repeated. A negative ( N )  response sends t h e  program t o  t h e  next  quest ion:  

COPY INPUT (Y/N)? 
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The COPY subrout ine i s  c a l l e d  when t h i s  ques t ion  is  answered with a p o s i t i v e  
( Y )  response. COPY a l l o w s  t h e  use r  t o  save the  d a t a  on a s t o r a g e  device €or l a t e r  
use o r  modification. The program then a s k s :  

SET UP COMPLETE (Y/N)? 

A p o s i t i v e  ( Y )  response terminates  the i n p u t  s e c t i o n  of  ANOSS and begins t h e  
spectra generat ion sec t ion .  A negat ive ( N )  response sends t h e  program back t o  t h e  
" e n t e r  parameters" quest ion,  so t h a t  t h e  use r  can continue t o  manipulate t h e  inpu t  
da t a .  

The subrout ines  are f u r t h e r  described i n  t h e  following s e c t i o n s .  

ENTER subroutine.- The i n p u t  d a t a  a r e  divided i n t o  nine p a r t s .  The ENTER sub- 
r o u t i n e  i s  used t o  e n t e r  t h e  nine parts as a group o r  i n d i v i d u a l l y ,  e i t h e r  from t h e  
keyboard or  a s t o r a g e  device.  The opt ion t o  e n t e r  p a r t s  i nd iv idua l ly  allows t h e  user  
t o  combine p a r t s  of  d i f f e r e n t  d a t a  s e t s  t h a t  have been previously s to red .  The sub- 
r o u t i n e  f i r s t  asks:  

WHICH PART OF PARAMETERS DO YOU WISH TO ENTER? 

( I F  NONE, TYPE I N  0;  IF  ALL, TYPE I N  10): 

To e n t e r  an e n t i r e  s e t  of d a t a ,  t h e  use r  should respond with a "10". Otherwise, 
t h e  use r  types i n  t h e  number, "1" through "9", of  t h e  p a r t  he wishes t o  e n t e r .  A 
"0" response s k i p s  t h e  remainder of  ENTER and proceeds t o  t h e  CHECK subrout ine.  I f  
t h e  response is no t  "0" t h e  subrout ine requests  

ENTER LOCATION OF DATA FOR THIS PART (XXnn:FILENAME.EXT). 

(e.g. TERMINAL= T I :  ; SYSTEM DISK= FILENAME-EXT ) :  

To e n t e r  d a t a  i t e m  by i t e m  from the  keyboard, t h e  response i s  "TI : " .  To read 
s t o r e d  d a t a  t h e  use r  s p e c i f i e s  t h e  s to rage  device (XXnn:) and t h e  f i l e  name and 
extension (fi lename.ext) of t h e  d a t a  f i l e .  

The i n p u t  values  r equ i r ed  i n  each of t h e  p a r t s  of t he  d a t a  s e t  are descr ibed i n  
t h e  following paragraphs. 

PART 1. IDENTIFICATION 

1. HEADING (MAXIMUM OF 40 ALPHANUMERIC CHARACTERS): 
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The heading allows t h e  use r  t o  e n t e r  a S i m p l e  d e s c r i p t i o n  of t h e  d a t a  f i l e .  

PART 2. OBSERVER LOCATION 

1. SIDELINE DISTANCE, METERS: 

2. DOWNRANGE DISTANCE, METERS: 

3. OBSERVER HEIGHT, METERS ( > O . ) :  

Figure 8 i l l u s t r a t e s  t h e  observer  l o c a t i o n  r e l a t i v e  t o  t h e  f l i g h t  pa th  of  t h e  
a i r c r a f t .  The s i d e l i n e  d i s t a n c e  i s  t h e  perpendicular  d i s t a n c e  from t h e  observer  t o  
the ground t r a c k  of t h e  a i r c r a f t .  (The program assumes t h a t  t h e  ground t r a c k  i s  a 
s t r a i g h t  l i n e . )  No d i s t i n c t i o n  is made as t o  which s i d e  of t h e  ground t r a c k  t h e  
observer i s  on. The downrange d i s t a n c e  i s  t h e  d i s t a n c e  along t h e  ground t r a c k  from 
the  ground con tac t  p o i n t  t o  t h e  p o i n t  a t  which a perpendicular  l i n e  from t h e  observer 
i n t e r s e c t s  t h e  ground t r ack .  P o s i t i v e  downrange d i s t ances  p l a c e  t h e  observer  under 
t h e  f l i g h t  path.  Negative values  f o r  downrange d i s t a n c e s  p l a c e  t h e  observer  uprange 
o f  t h e  ground con tac t  po in t .  Observer heigh-t  s p e c i f i e s  how f a r  above t h e  ground t h e  
l i s t e n i n g  apparatus ( i .e . ,  t h e  ear o r  microphone) is  located.  Observer h e i g h t  must 
be g r e a t e r  t han  zero. 

PART 3. FLIGHT PATH 

1. NUMBER OF FLIGHT PATH SEGMENTS (1. OR 2 . ) :  

2. AIRCRAFT GROUND SPEED, METERS/SEC (O.<=VO<=340.): 

3. ANGLE OF SEGMENT A ,  DEGREES (O.<=PHIA<=90.): 

4 .  AIRCRAFT ACCELERATION ON SEGMENT A ,  METERS/SEC**2: 

5. TRANSITION DISTANCE, METERS ( > O .  ) : 

6. ANGLE OF SEGMENT B,  DEGREES (-9O.<=PHIB<=90.): 

7. AIRCRAFT ACCELERATION ON SEGMENT B, METERS/SEC**2: 

The a i r c r a f t  f l i g h t  path can c o n s i s t  of  e i t h e r  one o r  two l i n e a r  segments. I f  
one segment is se l ec t ed ,  t h e  program reques t s  parameters 2 through 4 of P a r t  3 .  I f  
a two-segment path i s  s e l e c t e d ,  t h e  program a l s o  r eques t s  parameters 5 through 7. A 
two-segment f l i g h t  pa th  i s  i l l u s t r a t e d  i n  f i g u r e  8. (A one-segment pa th  would be 
i l l u s t r a t e d  by segment A a lone,  with t h e  s imula t ion  o u t e r  p o i n t  l y i n g  on segment A . )  
The a i r c r a f t  ground speed is t h e  speed of t h e  a i r c r a f t  a t  t h e  ground c o n t a c t  p o i n t  
( i . e . ,  t h e  speed a t  which t h e  a i r c r a f t  leaves t h e  ground during t akeof f s  o r  touches 
down during landings) and is l i m i t e d  to  t h e  subsonic range, 0 t o  340 m / s e c .  The 
angles  of  segments A and B are t h e  angles  between t h e  ground t r a c k  and t h e  segments. 
Segment A is l imited t o  0' t o  90°, and segment B can range from -90° t o  90'. A i r -  
c r a f t  acce le ra t ions  can be s p e c i f i e d  f o r  each segment; however, t h e  program rejects  
values  which a c c e l e r a t e  t h e  a i r c r a f t  t o  supersonic  speeds (>340 m) o r  d e c e l e r a t e  it 
t o  negat ive speeds during t h e  time per iod of t h e  s imulat ion.  The t r a n s i t i o n  d i s t a n c e  



(>0 m )  is  t h e  d i s t a n c e  along t h e  ground t r ack  from t h e  ground con tac t  p o i n t  t o  t h e  
p o i n t  above which t h e  a i rcraf t  moves from one segment to  t h e  o t h e r .  

PART 4. BROADBAND NOISE SPECTRUM 

2. REFERENCE SPL, DB: 

3. RELATIVE SPL OF 10.0 HZ BAND, DB: 

4. RELATIVE SPL OF 12.5 HZ BAND, DB: 

5. RELATIVE SPL OF 16.0 HZ BAND, DB: 

32. RELATIVE SPL OF 8000.0 HZ BAND, DB: 

33. RELATIVE SPL OF 10000.0 HZ BAND, DB: 

34. RELATIVE SPL OF 12500.0 HZ BAND, DB: 

35. DIRECTIVITY PEAK ANGLE, DEGREES (O.<=AP<=l80.): 

36. ATTENUATION AT 0 DEGREES TO JET AXIS, DB (>=O.): 

37. ATTENUATION AT 90 DEGREES TO J E T  A X I S ,  DB ( > = O . ) :  

38. ATTENUATION AT 180 DEGREES TO JET AXIS, DB ( > = O . ) :  

The broadband random-noise spectrum i s  defined a t  a p o i n t  90" from t h e  j e t  axis  
( f l i g h t  pa th )  and is  assumed t o  be symmetric about t h e  j e t  a x i s .  The r e fe rence  d i s -  
tance (>O m) is  t h e  d i s t a n c e  from t h e  a i r c r a f t  t o  t h e  p o i n t  a t  which t h e  one-third- 
octave-band l e v e l s  are s p e c i f i e d .  This is i l l u s t r a t e d  i n  f i g u r e  9. The reference-  
d i s t a n c e  parameter allows f l e x i b i l i t y ,  i n  t h a t  a c t u a l  no i se  measurements made a t  
some known d i s t a n c e  from t h e  a i r c r a f t  can  be used or t h e  use r  may spec i fy  t h e  actual 
no i se  a t  an observer  by s e t t i n g  t h e  reference d i s t a n c e  equal  t o  t h e  d i s t a n c e  of  
c l o s e s t  approach of t h e  a i r c r a f t  t o  t h e  observer as def ined by t h e  f l i g h t  pa th .  
The one-third-octave-band l e v e l s  are s p e c i f i e d  i n  t e r m s  of  one r e fe rence  sound 
p res su re  l e v e l  and a r e l a t i v e  sound pressure l e v e l  f o r  each of t h e  bands from 10 H z  
to  1 2  500 Hz .  The a c t u a l  l e v e l  f o r  a given band i s  t h e  sum of t h e  r e fe rence  SPL and 
t h e  r e l a t i v e  SPL f o r  t h e  band. This arrangement allows f l e x i b i l i t y ,  i n  t h a t  t h e  
r e l a t i v e  SPL's can be s e t  equal  t o  t h e  a c t u a l  SPL's (Reference SPL = 0 ) ,  or t h e  
r e l a t i v e  SPL's can be s e t  r e l a t i v e  t o  a s i n g l e  l e v e l  given by t h e  r e fe rence  l e v e l  
(e.g., Reference SPL = 100, r e l a t i v e  SPL of 10-Hz band = - l o , . . . ,  r e l a t i v e  SPL of  
1000-Hz band = O , . . . ,  r e l a t i v e  SPL of 1 2  500-Hz band = -15). I n  e i t h e r  case, when 
modifying a d a t a  s e t ,  a l l  t h e  band l e v e l s  can be ad jus t ed  by a cons t an t  anount by 
j u s t  changing t h e  r e fe rence  SPL. 

A d i r e c t i v i t y  p a t t e r n  about t h e  p i t c h  a x i s  i s  s p e c i f i e d  f o r  t h e  broadband 
spectrum. Figure 9 d e f i n e s  d i r e c t i v i t y  angle i n  r e l a t i o n  t o  t h e  j e t  a x i s .  The 
d i r e c t i v i t y  peak angie  i s  tlie angle at which t h e  pezk nn ise  level occurs: t h i s  ang le  
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can range from 0' t o  180'. The a t t e n u a t i o n s  a t  O ' ,  90°,  and 180' t o  t h e  j e t  a x i s  a r e  
the  d i f f e r e n c e s  i n  l e v e l  between t h e  l e v e l s  a t  O ' ,  go", and 180' and t h e  l e v e l  a t  t h e  
d i r e c t i v i t y  peak angle .  
zero. If t h e  d i r e c t i v i t y  peak angle  i s  s e t  equal  t o  Oo, 90°, o r  180', t h e  at tenua-  
t i o n  a t  t h a t  angle must be s e t  equal  t o  zero. A s e t  of s i n e  and cos ine  equat ions a r e  
used t o  de f ine  the d i r e c t i v i t y  p a t t e r n  between the  four  s p e c i f i e d  p o i n t s .  Figure 10 
shows two t y p i c a l  d i r e c t i v i t y  p a t t e r n s .  (The d i r e c t i v i t y  c o r r e c t i o n s  based on these  
equat ions a r e  ad jus ted  by a cons t an t ,  so t h a t  t h e  c o r r e c t i o n  app l i ed  a t  90° t o  t h e  
j e t  a x i s  equals  zero. This  adjustment is made t o  avoid changing t h e  noise  l e v e l s  
s p e c i f i e d  a t  90' i n  t h e  inpu t  d a t a . )  

The a t t e n u a t i o n s  are def ined  t o  be g r e a t e r  than or equal  t o  

PART 5. NARROWBAND NOISE COMPONENTS 

, 1. ARE NARROWBAND NOISE COMPONENTS REQUIRED (Y/N)? 

2. REFERENCE DISTANCE, METERS (>o.) :  

3 .  REFERENCE SPL, DB: 

4. NUMBER OF COMPONENTS (1. <=RIC<=20 .  ) : 

ENTER THE FOLLOWING PARAMETERS FOR EACH NARROWBAND 

COMPONENT. 

( S E P A m T E  PARAMETERS WITH COMMAS, i .e .  A , B , C , D , E , F , G ) :  

A. CENTER FREQUENCY, HZ ( 9 . < = X L S T ( I , 1 ) < = 1 2 5 0 0 . )  

B. RELATIVE SPL, DB 

C .  BANDWIDTH, HZ ( > O . )  

D. DIRECTIVITY PEAK ANGLE, DEGREES 

(0. <=XLST ( I ,  4)  <=180. ) 

E. ATTENUATION AT 0 DEGREES TO J E T  A X I S ,  DB (>=O. )  

F. ATTENUATION AT 90 DEGREES TO J E T  A X I S ,  DB (>=O.) 

G. ATTENUATION AT 180 DEGREES TO J E T  A X I S ,  DB (>=O.)  

5. COMPONENT NO. 1. : 

6. COMPONENT NO. 2. : 

Since t h e  narrowband random-noise Components a r e  op t iona l ,  t h e  use r  must f i r s t  
I i n d i c a t e  whether or  no t  they are t o  be included. A nega t ive  (N) response t o  l i n e  1 
I sends t h e  program on t o  P a r t  6. A p o s i t i v e  (Y) response causes t h e  program t o  

reques t  t h e  parameters desc r ib ing  the  narrowband components. The r e fe rence  d i s t ance  
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and r e fe rence  SPL are def ined i n  t he  same manner as those  f o r  t h e  broadband spectrum 
i n  P a r t  4 ,  b u t  they  may have d i f f e r e n t  values. 
may be s p e c i f i e d .  Each component is descr ibed i n  terms of  seven parameters.  The 
center frequency de f ines  t h e  center of  the  component and nay range from 9 t o  
1 2  500 H z .  The narrowband component is modeled as a t r i a n g u l a r  power func t ion  about  
t h e  center frequency. The re la t ive SPL i s  a l s o  def ined  i n  t h e  same manner as i n  
P a r t  4 and in te rac ts  wi th  t h e  r e fe rence  SPL i n  t h e  same way. The sum of t h e  r e f e r -  
ence SPL and t h e  re la t ive SPL is  def ined  t o  be t h e  summed leve l  of t h e  e n t i r e  com- 
ponent ( i . e . ,  t h e  overall  level  i f  t h e  component w e r e  t h e  only  noise  p r e s e n t ) .  The 
bandwidth i s  t h e  width of t h e  narrowband component a t  3 dB down from t h e  center f r e -  
quency; t h e  bandwidth is  always g r e a t e r  than zero.  In  t e r m s  o f  t h e  t r i a n g u l a r  power 
model, t h e  bandwidth is  t h e  width a t  which t h e  p o w e r  i s  reduced by h a l f .  The d i rec-  
t i v i t y  peak angle  and t h e  a t t enua t ions  a t  O ' ,  90°, and 180' t o  t h e  j e t  a x i s  are 
de f ined  i n  t h e  same way as i n  P a r t  4. A d i f f e r e n t  d i r e c t i v i t y  pat tern may be spec i -  
f i e d  f o r  each component. 

From 1 t o  20 narrowband components 

PART 6. PURE TONE COMPONENTS 

1. ARE PURE TONE COMPONENTS REQUIRED (Y/N)? 

2. REFERENCE DISTANCEl METERS (>o. ) : 

3 .  REFERENCE SPL, DB: 

4. NUMBER O F  COMPONENTS (1. <=RID<=20. ) : 

ENTER THE FOLLOWING PARAMETERS FOR EACH PURE TONE 

COMPONENT 

(SEPARATE PARAMETERS WITH COMMAS, i . e .  A,BICID,EIFIG): 

A. FREQUENCY, HZ (9.<=YLST(II1)<=12500.) 

B. RELATIVE SPL, DB 

C. PHASE, DEGREES 

D. D I R E C T I V I T Y  PEAK ANGLE, DEGREES 

(0 .  <=YLST (I ,4) <=180. ) 

E. ATTENUATION AT 0 DEGREES TO JET AXIS, DB ( > = O . )  

F. ATTENUATION AT 90 DEGREES TO JET AXIS, DB ( > = O . )  

G. ATTENUATION AT 180 DEGREES TO J E T  AXIS, DB (>=O. )  

5. COMPONENT NO. 1. : 

6. COMPONENT NO. 2.  : 
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The pure-tone components are def ined i n  exac t ly  t h e  same manner as t h e  narrow- 
band random-noise components, except  t h a t  a phase angle  is s p e c i f i e d  in s t ead  of a 
bandwidth. The reference d i s t ance ,  re fe rence  SPL, and d i r e c t i v i t y  p a t t e r n s  can be 
d i f f e r e n t  from those used t o  de f ine  the o t h e r  no i se  components. 

1 1. START TIME, SEC (>=O. FOR TAKEOFFS, 

PART 7. PULSE COMPONENTS 

1. ARE PULSE COMPONENTS REQUIRED (Y/N)  ? 

This  sec t ion  is included f o r  f u t u r e  expansion of  t h e  syn thes i s  system. Only a 
negat ive ( N )  response i s  accepted. 

PART 8. GROUND ATTENUATION PARAMETERS 

1. GROUND FLOW RESISTANCE, KILOGRAMS/SEC*METERS**3 

(100,000<=GFR<=500,000) : 

2. INCOHERENCE CONSTANT (O.OOl<=REFCO<=O. l ) :  

3 .  NOISE SOURCE HEIGHT,  METERS ( > O .  ) : 

The ground flow r e s i s t a n c e  is  t h e  s p e c i f i c  flow r e s i s t a n c e  of  t h e  ground. (See 
r e f s .  5 and 8.) The va lue ,  which v a r i e s  with t h e  type of su r face ,  ranges from 
100 000 to  500 000 kg/sec-m3; a value of 150 000 is t y p i c a l .  
s t a n t ,  which ranges from 0.001 t o  0.1,  i s  an empirical quan t i ty  which l i m i t s  cancel-  
l a t i o n  e f f e c t s .  (See r e f .  5.) Cance l la t ion  e f f e c t s  decrease as t h e  cons t an t  
increases ;  a typ ica l  value is 0.01. The noise  source  he igh t  (>O m) is  t h e  d i s t a n c e  
between t h e  ground and t h e  noise  source (e .g . ,  t h e  engine) when t h e  a i r c r a f t  is  on 
t h e  ground. The primary purpose of t h i s  parameter i s  t o  prevent  an  e r r o r  from 
occurr ing  i n  t h e  ground-effects subroutine. Therefore,  any va lue  g r e a t e r  than  zero  
is  acceptab le ,  and a r ep resen ta t ive  va lue  is  n o t  necessary ( i . e . ,  us ing  a va lue  such 
as 0.01 m avoids t h e  e r r o r  and does n o t  impact t h e  f l i gh t -pa th  c a l c u l a t i o n s ) .  

The incoherence con- 

PART 9. SYNTHESIS PARAMETERS 

< O .  FOR LANDINGS) : 

2.  LENGTH O F  FLIGHT, SEC ( > O .  ) : 

3. LENGTH OF TAPER, SEC (>=O. ) : 

4. SAMPLE RATE, HZ ( > O . ) :  

5. NUMBER O F  FREQUENCY INTERVALS (1024., 2048., OR 

4096.): 



I Time  is  def ined t o  be zero when t h e  a i r c r a f t  i s  a t  t h e  ground con tac t  p o i n t  
( i .e . ,  t h e  p o i n t  a t  which t h e  a i r c r a f t  leaves t h e  ground during t akeof f s  or  touches 
down during l and ings ) .  The s t a r t - t i m e  parameter is  g r e a t e r  than zero f o r  t a k e o f f s  
and less than  ze ra  f o r  landings.  Length of f l i g h t  (>O sec) i s  t h e  amount o f  t i m e  t h e  
a i r c r a f t  is flown along t h e  f l i g h t  path for  t h e  s imulat ion.  For example, a s ta r t  
t i m e  of 10 sec with a 30-sec length of f l i g h t  s imulates  a takeoff  from a p o i n t  
10 sec a f t e r  t h e  a i r c r a f t  leaves t h e  ground t o  t h e  p o i n t  where t h e  a i r c r a f t  is  
loca ted  40 sec a f t e r  it leaves t h e  ground. A s tar t  t i m e  of -50 sec with a 45-sec 
l eng th  o f  f l i g h t  s imulates  a landing from a p o i n t  50 sec p r i o r  t o  touchdown t o  a 
p o i n t  5 sec prior t o  touchdown. 

r 

* 

To avoid an abrupt  s ta r t  and s t o p  of  t h e  noise  s imulat ion,  t h e  s y n t h e s i s  program 
allows t h e  no i se  l e v e l  t o  be tapered up from zero t o  t h e  c a l c u l a t e d  value a t  t h e  
beginning o f  t he  s imulat ion and back down to  zero a t  t h e  end of  t h e  s imulat ion.  
Length o f  t a p e r  (>=O sec) i s  t h e  amount of t i m e  over which each t a p e r  is  done. The 
l eng th  o f  t a p e r  must be less than o r  equal t o  one-half t h e  d u r a t i o n  of  t h e  simulated 
noise .  The no i se  du ra t ion  may be s l i g h t l y  d i f f e r e n t  from t h e  s p e c i f i e d  length o f  
f l i g h t ,  s i n c e  t h e  d i s t a n c e  between t h e  a i r c r a f t  and observer u sua l ly  v a r i e s  during 
t h e  s imulat ion.  

The sample ra te  is  t h e  number of  p o i n t s  produced pe r  second i n  t h e  t i m e  domain. 
It should be  set  t o  s l i g h t l y  more than t w i c e  t h e  maximum frequency t o  be reproduced. 
Since t h e  system i s  programmed for a maximum frequency o f  1 2  500 Hz, t h e  sample ra te  
is  usua l ly  set t o  26 000 Hz. 

The number of  frequency i n t e r v a l s  i s  t h e  number of  i n t e r v a l s  i n t o  which t h e  f r e -  
quency range i s  divided ( i .e. ,  1 2  500 i s  divided by 1024, 2048, o r  4096). The number 
of in te rva ls ,  which must be a power of two, i s  l i m i t e d  t o  1024, 2048, or 4096. The 
b e s t  frequency r e s o l u t i o n  is obtained by using 4096, which de f ines  a p o i n t  every 
3.05 Hz. However, t h e  higher  t h e  r e so lu t ion ,  t h e  longer t h e  program t akes  t o  
execute. 

CHECK subroutine.-  This subrout ine checks f o r  e r r o r s  t h a t  occur from t h e  i n t e r -  
a c t i o n  of d i f f e r e n t  i npu t  parameters. An e r r o r  message is  p r i n t e d  f o r  each error 
t h a t  occurs i n  t h e  da t a .  Each of t h e s e  messages, a long with an explanat ion,  i s  
l i s t e d  i n  t h i s  s ec t ion .  

ERROR 1: TIME OF SIMULATION END FOR LANDING I S  GREATER THAN 

ZERO. 

The length of f l i g h t  is  g r e a t e r  than t h e  s imulat ion t i m e  allowed by t h e  landing 
s ta r t  t i m e  (e.g., S t a r t  t i m e  = -30 sec, Length o f  f l i g h t  = 40 sec) .  This r e s u l t s  
i n  t h e  a i r c r a f t  immediately t ak ing  o f f  af ter  touching down. 

ERROR 2: GROUND VELOCITY AND A-SEGMENT ACCELERATION ARE 

BOTH ZERO. 

The a i r c r a f t  ground speed and t h e  a i r c r a f t  a c c e l e r a t i o n  on segment A are both 
zero. This r e su l t s  i n  t h e  a i r c ra f t  n o t  mvvirig. 
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ERROR 3: VELOCITY AT POINT 3 IS LESS THAN ZERO. 

The a i r c r a f t  speed a t  t h e  s imula t ion  ou te r  p o i n t  ( i . e . ,  p o i n t  3 ,  t h e  s imula t ion  
end p o i n t  f o r  takeoffs  or t h e  s imula t ion  s t a r t  po in t  f o r  l and ings )  is  less than zero.  
The a i r c r a f t  cannot f l y  a t  negat ive speeds. 

ERROR 4: VELOCITY AT POINT 3 IS  GREATER THAN OR EQUAL TO 

THE SPEED OF SOUND. 

The a i r c r a f t  speed a t  t h e  s imulat ion o u t e r  p o i n t  ( i - e . ,  p o i n t  3 ,  t h e  s imula t ion  
end p o i n t  for takeoffs  o r  t h e  s imulat ion s ta r t  p o i n t  f o r  landings)  i s  supersonic .  
The program is l imited t o  subsonic speeds. 

ERROR 5: SQUARE ROOT RADICAL I N  T2 CALCULATIONS IS  

NEGATIVE. I N P U T  ERROR CHECK SUBROUTINE TERMINATED EARLY. 

When a two-segment f l i g h t  pa th  is s p e c i f i e d ,  t h i s  error check in su res  t h a t  a 
square r o o t  of a negative number does not  occur i n  t h e  quadrat ic-equat ion s o l u t i o n  
used to  determine t h e  time a t  which t h e  a i r c r a f t  is  a t  t h e  t r a n s i t i o n  p o i n t  
( p o i n t  2 ) .  This e r r o r  terminates  t h e  subrout ine immediately. 

ERROR 6: VELOCITY AT POINT 2 IS LESS THAN ZERO. 

The a i r c r a f t  speed a t  t h e  t r a n s i t i o n  p o i n t  of a two-segment f l i g h t  pa th  ( i .e . ,  
p o i n t  2 ,  t h e  po in t  a t  which segments A and B m e e t )  is  less than zero. The a i r c r a f t  
cannot f l y  a t  negative speeds. 

ERROR 7: VELOCITY AT POINT 2 IS GREATER THAN OR EQUAL TO 

THE SPEED OF SOUND. 

The a i r c r a f t  speed a t  t h e  t r a n s i t i o n  p o i n t  of a two-segment f l i g h t  pa th  ( i . e . ,  
p o i n t  2 ,  t h e  p o i n t  a t  which segments A and B meet) i s  supersonic.  The program i s  
l i m i t e d  t o  subsonic speeds. 

ERROR 8: 

A two- segment 
o u t e r  p o i n t  ( i . e . ,  

VELOCITY AT POINT 3 AND B-SEGMENT ACCELERATION 

ARE BOTH EQUAL TO ZERO. 

f l i g h t  path is  s p e c i f i e d ,  and t h e  
p o i n t  3 ,  t h e  s imula t ion  end p o i n t  

a i r c r a f t  speed a t  t h e  s imulat ion 
f o r  t a k e o f f s  o r  t h e  s imulat ion 
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s t a r t  po in t  f o r  landings)  and t h e  a i r c r a f t  a c c e l e r a t i o n  on segment B a r e  both zero.  
This  r e s u l t s  i n  t h e  a i r c r a f t  n o t  moving. 

ERROR 9: ALTITUDE AT POINT 3 I S  LESS THAN THE NOISE SOURCE 

HEIGHT.  

The a i r c r a f t  a l t i t u d e  a t  t h e  s imulat ion outer  p o i n t  ( i . e . ,  po in t  3 ,  t h e  simula- 
t i o n  end p o i n t  f o r  t akeof f s  or t h e  s imulat ion s t a r t  p o i n t  f o r  landings)  i s  l e s s  than 
the  noise  source he ight .  The a i r c r a f t  i s  below ground l e v e l .  

ERROR 10: SPECIFIED BROADBAND DIRECTIVITY ATTENUATION I S  

NOT EQUAL TO ZERO AT SPECIFIED PEAK ANGLE O F  O . ,  

90. , OR 180. DEGREES. 

By d e f i n i t i o n ,  t he  d i r e c t i v i t y  a t t enua t ion  a t  t h e  s p e c i f i e d  d i r e c t i v i t y  peak 
angle  i s  zero. I f  t he  d i r e c t i v i t y  peak angle i s  s p e c i f i e d  t o  be one of t h e  t h r e e  
angles  ( O O ,  90°, o r  180" t o  the  j e t  a x i s )  a t  which a t t enua t ions  a r e  s p e c i f i e d ,  t h e  
a t t enua t ion  s p e c i f i e d  f o r  t h a t  angle  m u s t  be  zero. 

ERROR 11: NARROWBAND COMPONENT NO. x : 

SPECIFIED D I R E C T I V I T Y  ATTENUATION IS NOT EQUAL 

TO ZERO AT SPECIFIED PEAK ANGLE OF O., go. ,  OR 

180. DEGREES. 

By d e f i n i t i o n ,  t h e  d i r e c t i v i t y  a t t enua t ion  a t  t h e  s p e c i f i e d  d i r e c t i v i t y  peak 
angle  i s  zero. I f  t h e  d i r e c t i v i t y  peak angle i s  s p e c i f i e d  t o  be one of the  t h r e e  
angles  ( O O ,  90°, o r  180° t o  the  j e t  axis)  a t  which a t t e n u a t i o n s  a r e  s p e c i f i e d ,  t h e  
a t t e n u a t i o n  s p e c i f i e d  f o r  t h a t  angle  m u s t  be  zero. 

ERROR 12:  PURE TONE COMPONENT NO. X : 

SPECIFIED D I R E C T I V I T Y  ATTENUATION IS  NOT EQUAL 

TO ZERO AT SPECIFIED PEAK ANGLE OF O . ,  g o . ,  OR 

180. DEGXEES. 

By d e f i n i t i o n ,  t h e  d i r e c t i v i t y  a t t enua t ion  a t  t h e  s p e c i f i e d  d i r e c t i v i t y  peak 
angle  i s  zero.  I f  t h e  d i r e c t i v i t y  peak angle i s  s p e c i f i e d  t o  be one o f  t h e  t h r e e  
ai;gles ( g o ,  90°, GX lgOo tc? the jet axis) a t  which a t t e n u a t i o n s  a r e  s p e c i f i e d ,  t h e  
a t t e n u a t i o n  s p e c i f i e d  f o r  t h a t  angle  must  be  zero. 
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ERROR 13: SPECIFIED LENGTH OF TAPER IS GREATER THAN ONE 

HALF THE TOTAL TIME THAT THE NOISE ARRIVES AT 

THE OBSERVER. 

The program requ i r e s  t h a t  t he  noise  l e v e l  be allowed t o  reach its f u l l  value.  
Therefore ,  t h e  length of  t a p e r  must be l e s s  than  o r  equal  t o  one-half t h e  du ra t ion  
of t he  s imulated noise. The noise  du ra t ion  may be s l i g h t l y  d i f f e r e n t  from t h e  spec i -  
f i e d  length of f l i g h t ,  because the  d i s t ance  between the  a i r c r a f t  and observer  u sua l ly  
varies during the  s i m u l a t i o n .  

When a two-segment f l i g h t  pa th  is  s p e c i f i e d ,  one of t h e  fol lowing notes  is  
p r i n t e d  t o  inform t h e  use r  as to  which f l i g h t  segments a r e  included i n  t h e  s p e c i f i e d  
s imula t ion  t i m e s .  

NOTE 1: SPECIFIED TIME LIMITS SIMULATE FLIGHT ON BOTH 

SEGMENTS A AND B. 

NOTE 2: SPECIFIED TIME LIMITS SIMULATE FLIGHT ON 

SEGMENT A ONLY. 

NOTE 3 :  SPECIFIED TIME LIMITS SIMULATE FLIGHT ON 

SEGMENT B ONLY. 

LIST subroutine.-  The LIST subrout ine  d i sp lays  t h e  inpu t  d a t a  on t h e  te rmina l  i n  
A hard copy of t h e  i n p u t  da t a  a format s i m i l a r  t o  t h a t  used by t h e  ENTER subrout ine .  

can then be made from t h e  screen .  

CORRECT subroutine.- The CORRECT subrout ine  allows t h e  use r  t o  change ind iv idua l  
i npu t  values by spec i fy ing  t h e  a s soc ia t ed  p a r t  and l i n e  numbers. 
be made i n  any order .  
changed. 

These changes can 
The subrout ine  f i r s t  a sks  which par t  of t h e  i n p u t  i s  t o  be 

ENTER PART OF PARAMETERS (1-9) YOU WISH TO CORRECT ( I F  

FINISHED W I T H  CORRECTIONS, ENTER 0 ) :  

A response of "0"  completes t h e  co r rec t ion  rou t ine ,  and t h e  CHECK subrout ine  i s  
ca l l ed .  A response of "1" through "9" causes t h e  subrout ine  t o  ask f o r  t he  l i n e  
number of  t he  input  value t o  be changed. 
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ENTER NUMBER OF LINE YOU WISH TO CORRECT ( IF  NONE, 

ENTER 0 ) :  

A zero response causes t h e  program t o  ask again f o r  a p a r t  number. Otherwise, 
t h e  sub rou t ine  p r i n t s  o u t  t h e  p a r t  and l i n e  d e s c r i p t i o n  (as used i n  subrout ine ENTER) 
and w a i t s  for  a new value of t h e  parameter t o  be entered.  Af t e r  t h e  new value i s  
entered,  t h e  program r e q u e s t s  t h e  part number of t h e  next  i n p u t  value t o  be  changed. 
This i s  repeated u n t i l  a zero response i s  given t o  t h e  part-number request .  

If t h e  number of f l i g h t - p a t h  segments is changed, t h e  subrout ine automatical ly  
d e l e t e s  t h e  e x t r a  inpu t  (from two segments t o  one) o r  a sks  f o r  t h e  needed a d d i t i o n a l  
i n p u t  (from one segment t o  two). 

S imi l a r ly ,  i f  t h e  requirement f o r  narrowband random-noise components o r  pure- 
tone  components is changed ( p a r t  5 or 6, l i n e  l), t h e  subrout ine d e l e t e s  t h e  compo- 
nent  d e s c r i p t i o n s  (changed from requ i r ed  to  n o t  r equ i r ed )  or r eques t s  t h e  i n p u t  
values  t h a t  are needed t o  desc r ibe  t h e  components (changed from no t  r equ i r ed  t o  
r equ i r ed ) .  

If t h e  number o f  narrowband random-noise components o r  pure-tone components is 
changed (part 5 o r  6, l i n e  4 ) ,  t h e  subroutine d e l e t e s  o r  adds components as required.  
I f  t h e  number of components is reduced, the subrout ine asks which components (by l i n e  
number) are to  be deleted.  I f  t h e  number of components i s  increased,  t h e  subrout ine 
requests t h e  inpu t  values  t h a t  are needed t o  desc r ibe  each a d d i t i o n a l  component. 

COPY subroutine.-  The COPY subroutine allows t h e  use r  to  save t h e  i n p u t  d a t a  on 
a s t o r a g e  device for la ter  use o r  modification. The subrout ine f i r s t  asks where to  
store t h e  d a t a .  

WHERE DO YOU WANT DATA COPIED (XXnn:FILENAME.EXT)? 

(e.9. SYSTEM DISK= FILENAME.EXT ) : 

The format used t o  spec i fy  t h e  s torage l o c a t i o n  is  "XXnn:filename.ext", where 
"XXnn:" i s  t h e  device s p e c i f i c a t i o n  and "filename.ext" is  t h e  name of t h e  f i l e  and 
extension chosen by t h e  user .  Next, t h e  subrout ine asks  which p a r t  o f  t h e  i n p u t  
parameters is to  be s to red .  

WHICH PART OF PARAMETERS (1-9) DO YOU WISH TO COPY? 

( IF  NONE, TYPE I N  0;  IF  ALL, TYPE I N  1 0 ) :  

The s-&routine allows t h e  use r  to  store one o r  more i n d i v i d u a l  p a r t s  of  t h e  
i n p u t  parameters a t  t h e  s p e c i f i e d  locat ion.  A response of "1" through "9" causes 
t h e  sub rou t ine  t o  s t o r e  t h a t  p a r t  and then r e p e a t  t h e  ques t ion ,  so t h a t  a d d i t i o n a l  
p a r t s  can be s to red .  A response of "10" causes t h e  subrout ine t o  s t o r e  a l l  9 p a r t s  
of  t h e  input .  A f t e r  a "0" o r  "10" response, t h e  subrout ine a sks  i f  t h e  u s e r  wants 
tc? store t h e  d.a.ta. on another  device o r  f i l e .  
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Do YOU WANT TO COPY DATA TO ANOTHER LOCATION (Y/N)? 

A negat ive ( N )  response ends t h e  subrout ine .  A p o s i t i v e  ( Y )  response causes t h e  
subrout ine  t o  cycle and reques t  another  s t o r a g e  loca t ion .  

Spec t ra  F i l e  Generation 

The s p e c t r a  generat ion s e c t i o n  c a l c u l a t e s  and s t o r e s  a s e r i e s  of s p e c t r a  repre-  
s e n t i n g  the  noise  a t  t he  observer  over t h e  dura t ion  of t h e  f l i g h t .  Only t h r e e  use r  
i npu t s  a r e  required i n  t h i s  s e c t i o n .  F i r s t ,  t h e  program reques t s  t h e  s t o r a g e  loca-  
t i o n  f o r  t h e  spec t ra  f i l e .  

ENTER SPECTRA FILE LOCATION (XXnn:FILENAME.EXT) 

(e.g. SYSTEM D I S K =  FILENAME.EXT ) :  

The format used t o  spec i fy  the  s to rage  l o c a t i o n  i s  "XXnn:filename.ext", where 
"XXnn:" is  the  device s p e c i f i c a t i o n  and "f i lename.ext"  i s  t h e  name of t he  f i l e  and 
extension chosen by the  user .  I f  t h e  same device i s  used, t he  fi lename o r  ex tens ion  
of t h e  s p e c t r a  f i l e  should be d i f f e r e n t  from t h a t  of  t he  inpu t  f i l e .  Otherwise,  t h e  
i n p u t  f i l e  could be destroyed.  Next, t he  program a s k s  

W YOU WANT EXTENDED PRINTOUT (0)  OR SHORT FORM 

PRINTOUT ( 1 ) ? 

A s  t h e  spec t r a  a r e  generated and s t o r e d ,  t h e  program d i s p l a y s  t h e  va lues  of 
parameters descr ib ing  t h e  i n i t i a l  arrangement and each of t h e  s p e c t r a .  The answer t o  
t h i s  ques t ion  determines how many parameters are displayed.  A "0 "  response d i s p l a y s  
a l l  t he  parameters t h a t  a r e  a v a i l a b l e .  A "1" response d i sp lays  a smal le r  se t  of  
parameters. This ou tput  i s  used pr imar i ly  when modifying t h e  program, b u t  it does 
g ive  an ind ica t ion  o f  t h e  progress  of t h e  program. 

Also, €or the  purpose of  checking program modif ica t ions ,  t h e  program gives  t h e  
user  t h e  opt ion  of d i sp lay ing  t h e  p re s su re  d i s t r i b u t i o n  of t h e  f i n a l  d i s c r e t e -  
frequency random-noise spectrum. 

DO YOU WANT F I N A L  P ( K )  PRINTED OUT (Y/N)? 

Since each spectrum conta ins  a number of  p re s su re  va lues  equal  t o  t h e  number of  
frequency i n t e r v a l s  (1024, 2048, o r  4096), t h e  use r  normally answers wi th  a negat ive  
( N )  response t o  t h i s  quest ion.  
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When t h e  program is  f i n i s h e d  generat ing t h e  s p e c t r a  f i l e ,  it d i sp lays  

NORMAL END OF ANOSS PROGRAM. 

This concludes t h e  s p e c t r a  generat ion s e c t i o n  and t h e  ANOSS program. 

T i m e - H i s t o r y  F i l e  Generation 

The t ime-his tory  genera t ion  s e c t i o n  converts from t h e  frequency domain to  t h e  
t i m e  domain by performing a Four ie r  transform on t h e  d a t a  i n  the  s p e c t r a  f i l e .  A 
f i l e  conta in ing  the  d i g i t a l  t i m e  h i s t o r y  of t h e  noise a t  t he  observer  i s  c rea t ed  on 
magnetic tape .  Af t e r  logging on t o  the  appropr ia te  computer account,  and p r i o r  t o  
s t a r t i n g  t h e  program, t h e  u s e r  must p l ace  a d i g i t a l ,  0.5-in. ,  9- t rack,  magnetic t ape  
on t h e  t ape  d r ive .  Af te r  phys i ca l ly  pu t t ing  t h e  t ape  on the  d r ive ,  t h e  use r  must 
mount t h e  d r i v e  t o  t h e  u s e r ' s  account and te rmina l  with t h e  appropr ia te  computer- 
system command. For the  c u r r e n t  system, the command i s  

MOU MM:/FOR 

The d i g i t a l  tape on t h e  d r i v e  must be i n i t i a l i z e d  as a D i s k  Operating System 
(DOS) formatted t ape  a t  1600 BPI. A previously i n i t i a l i z e d  ANOSS d a t a  t ape  need n o t  
be r e i n i t i a l i z e d .  I f  a prev ious ly  i n i t i a l i z e d  ANOSS d a t a  tape  is  not  used, a new 
t ape  should be used and must be i n i t i a l i z e d .  The following commands a r e  used to 
i n i t i a l i z e  a new tape on the  c u r r e n t  system. The f i r s t  command is  

FLX 

The computer responds with t h e  prompt 

FLX> 

I n  r ep ly  to  t h e  prompt, t he  second command is given: 

MM:/DO/DNS:1600/ZE 

The tape  i s  now ready f o r  use with the  program. 

The program is i n i t i a t e d  with the  command 

RUN MAKES 

The program responds by ask ing  f o r  t he  loca t ion  of t h e  s p e c t r a  f i l e .  

En te r  s p e c t r a  f i l e  name : 

This i s  t h e  f i l e  s p e c i f i e d  by t h e  user i n  program ANOSS f o r  s t o r i n g  t h e  calcu- 
l a t e d  s p e c t r a .  The format used is "XXnn:filename.ext" , where "Xxnn:" i s  the  device  
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s p e c i f i c a t i o n  and "filename.ext" is  the name of t h e  f i l e  and extension chosen by t h e  
user .  

After  t h e  f i l e  name is entered,  t h e  gene ra t ion  of t h e  t i m e  h i s t o r y  begins.  A s  
t h e  t i m e  h i s t o r y  is generated,  t h e  program d i s p l a y s  t h e  values  o f  several parameters 
a s soc ia t ed  with the t ransformation of each spectrum. This ou tpu t  i s  used p r imar i ly  
when modifying the program, b u t  does g ive  an i n d i c a t i o n  of t h e  progress  of  t h e  pro- 
gram. When c a l c u l a t i o n  of  t h e  t i m e  h i s t o r y  is f i n i s h e d ,  t h e  program d i s p l a y s  

MOUNT TAPE PLEASE 

To i n s u r e  proper ope ra t ion  of t h e  program and t ape  d r i v e ,  t h e  t a p e  should be,  as 
i n d i c a t e d  previously,  mounted and i n i t i a l i z e d  p r i o r  t o  s t a r t i n g  t h e  program. Attempt- 
i ng  t o  mount and i n i t i a l i z e  the  tape a t  t h i s  p o i n t  i s  usua l ly  unsuccessful and 
r e s u l t s  i n  t h e  loss of t h e  d a t a  generated. 

When t h e  tape d r i v e  is ready, t h e  program d i s p l a y s  

W R I T I N G  HEADER 

The t i m e  h i s t o r y  is then w r i t t e n  t o  the  tape, and t h e  MAKES program ends. The pro- 
gram can be repeated and a d d i t i o n a l  t i m e  h i s t o r i e s  can be s t o r e d  on t h e  s a m e  t ape .  A 
computer-system command f i l e  o r  batch job can be c r e a t e d  t o  automatical ly  make multi-  
p l e  runs of  t h i s  program using d i f f e r e n t  s p e c t r a  f i l e s .  
u se r  must i n s t a l l  t h e  MAKES program as a known t a s k  to  t h e  system. The command f o r  
t h i s  i n s t a l l a t i o n  is : 

To do t h i s ,  a p r i v i l e g e d  

INS MAKES/TASK=. . .MAK 

The following l i n e  can then be placed i n  a command procedure o r  a batch job  f o r  
each f i l e  t o  be  done: 

MAK XXnn:filename.ext 

A s  previously def ined,  "XXnn:filename.ext" i s  t h e  f i l e  s p e c i f i c a t i o n .  The number of 
runs i n  a command f i l e  o r  batch job is  l i m i t e d  only by t h e  capac i ty  of t h e  d i g i t a l  
magnetic tape.  

Analog Signal  Generation 

The digi ta l - to-analog conversion s e c t i o n  uses  a d ig i t a l - to -ana log  converter  t o  
produce an analog noise  s i g n a l  from the  d i g i t a l  t i m e  h i s t o r y  s t o r e d  on magnetic tape.  
This analog s i g n a l  can be  played i n  real  t i m e  through a sound reproduct ion system 
and/or recorded fo r  l a t e r  use. The magnetic tape on which t h e  t ime-history f i l e  i s  
s t o r e d  i s  placed on t h e  t ape  d r i v e  and, a f t e r  t h e  use r  l ogs  on t o  t h e  appropr i a t e  
computer account,  t h e  d r i v e  is  mounted t o  t h e  u s e r ' s  account and terminal  using t h e  
command 

MOU MM:/FOR 
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t 
t o  t h e  remote mode. The frequency synthes izer  must be on, se t  t o  remote, and i t s  
ou tpu t  connected t o  t h e  clock inpu t  of the  d ig i ta l - to-ana log  conver te r .  The voice 
s y n t h e s i z e r  i npu t  must be connected t o  a terminal  p o r t  on t h e  zoxputer, and i t s  out-  
p u t  must be  connected t o  a channel of t h e  analog tape recorder .  The ou tpu t  of t h e  
d ig i ta l - to-ana log  conver te r  must be connected t o  another  of t h e  analog t ape  recorder  
channels.  Once these  devices  are properly connected and s e t  up and t h e  d i g i t a l  t ape  
i s  mounted on the  t ape  d r ive ,  t h e  program is  i n i t i a t e d  wi th  t h e  command 

I 
The t i m e  h i s t o r i e s  on t h e  t ape  are each i d e n t i f i e d  by a number represent ing  

t h e i r  o rder  on t h e  tape .  The program asks 

WHICH FILE # ON TAPE ? 
I 

The user  responds with t h e  f i l e  number and the  program a s k s  t 

WHAT FREQUENCY ? 

To play the  analog noise  s i g n a l ,  the  user p res ses  t h e  c a r r i a g e  r e t u r n  key. The 
program then d i sp lays  some information descr ib ing  the  f i l e  and p l ays  t h e  f i l e .  When 
t h e  f i l e  i s  f i n i s h e d  p lay ing ,  t h e  program cyc le s  and again r eques t s  a f i l e  number. 
The program i s  terminated by press ing  <cont ro l>  and <Z> a t  t h e  same time. 

Consecutive f lyovers  on t h e  d i g i t a l  tape may be played dur ing  one program run by 
using t h e  program MUSIC2 i n  p l ace  of MUSIC. Ins t ead  of ask ing  which f i l e  number, 
MUSIC2 asks  how many f i l e s  a r e  t o  be played. The program starts with t h e  next  f i l e  
found on t h e  d i g i t a l  t ape .  

c 

This ques t ion  r e f e r s  t o  the  sample rate ( in  Hz) s p e c i f i e d  i n  t h e  inpu t  s e c t i o n  
( p a r t  9, l i n e  4 ) .  For t h e  analog noise s igna l  t o  have t h e  c o r r e c t  frequency range 
and du ra t ion ,  t he  number en tered  here  must be the  same a s  t h a t  used i n  the  inpu t  

by t h e  ra t io  of t h e  inpu t  sample r a t e  frequency t o  t h e  frequency en tered  here .  It 
a l s o  r e s u l t s  i n  a change i n  t h e  length of t h e  f lyove r  by the  same r a t i o . )  Af t e r  t h e  
number is en te red ,  t h e  program l o c a t e s  the f i l e  on tape  and d i sp lays  

t data .  (Enter ing a d i f f e r e n t  frequency here causes a s h i f t  of a l l  no ise  f requencies  

I 

I 
1 

I READY TO PLAY H I T  CR TO START 
I 

, 

29 



REFERENCES 

1. Mabry, J. E.;  and Sul l ivan ,  B. M.: Response to  Actual  and Simulated Recordings of 
Conventional Takeoff and Landing Jet  Aircraf t .  NASA CR-145318, 1978. 

2.  McCurdy, David A . ;  and Powell, Clemans A . :  E f f e c t s  of  Duration and Other Noise 
Charac t e r i s t i c s  on t h e  Annoyance Caused by Aircraf t -Flyover  N o i s e .  NASA 
TP-1386, 1979. 

3. McCurdy, David A. :  E f f ec t s  of  Sound Level F luc tua t ions  on Annoyance Caused by 
Aircraft-Flyover N o i s e .  NASA TP-1576, 1979. 

4. American National Standard Method f o r  t h e  Calcu la t ion  of t h e  Absorption of  Sound 
by t h e  Atmosphere. A N S I  S1.26-1978 (ASA 23-1978), American N a t l .  Standards 
I n s t . ,  Inc . ,  June 23, 1978. 

5. Zorumski, W i l l i a m  E . :  A i r c r a f t  Noise P red ic t ion  Program Theore t i ca l  Manual. NASA 
TM-83199, 1982. 

6. McCurdy, David A.: Quant i f ica t ion  of Advanced Turboprop A i r c r a f t  Flyover N o i s e  
Annoyance. AIAA-84-2293, O c t .  1984. 

7. McCurdy, David A.:  Comparison of  Advanced Turboprop and Conventional Je t  and 
P rope l l e r  A i rc ra f t  Flyover Noise Annoyance: Prel iminary Resul t s .  NASA 
TM-87637, 1985. 

8. Delany, M. E . ;  and Bazley, E. N.:  Acoust ical  P rope r t i e s  of Fibrous Absorbent 
Materials. Appl. Acoust., vol.  3, no. 2,  A p r .  1970, pp. 105-116. 

30 



\ 
\ 

\ 
\ 

\ =  

\ 
\ 
\ 
\ 

> a b- 

-J 

v) 
a 

-1 
a 
v, 

-I 
a 
v, 

0, 
E 

I- - 

.r 

-J 

v) 
a 

-1 

lA 
a -J 

lA 
a 

Y- 1Y-l 

C, 
L 

31 



I 

0 

I 

3 

32 



W 

a a 

T 

v)- 

= T  

I 
I z z  

T 0 

a 
a 
I- 

n 
0 

0":: 
n-0 

v) 
I- o 
3 
P 
0 a 
n 

W 81 

[I) 
.4 

0 

0 w 
0 

U c 
W 
> 

0 
-4 

a 
a 
I- 

P 

0 

33 



r 
v) 

W n 

I 

I- o 
W 

v) 
n 

IA 

a 
a n 
I- 

W 

v) 
n 

IH 
0 
I: 
0 
-4 u 
(d 
k 
a, 
d 
al u 
I 

al 
k 
? 
b 
-4 
F 

W 

34 



Time 
history 

Input 
Sect ion 

I 
I 
I 

X 

I I I  
Time-History 

I 1  
Spectra * Generation Generat ion +-+ Conversion I 
Section Section Section 

I I  I I  - 1  

Digital-to-Analog 

Time 

Time 
history 
with level 
fluctuations 

SPL 

Time 

A 
Time 

Figure 5.- Generation of level fluctuations. 

Fiyure 6.- ~rjanizatisn of ~ i i x c r i f t  Noise synthesis System software. 
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If errors exist in input data, 
correction routine is called automatically. 

Figure 7.- A i r c r a f t  N o i s e  Synthes is  System inpu t  s e c t i o n  f l o w  c h a r t .  
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